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Abstract
Lewis base promoted cyclization of allenoates with electron deficient olefins open
up the possibility to generate more complex organic structures. By generating more
complex molecules, we are able to produce new compounds for biomedical and material
applications. Both phosphine and amine Lewis bases offer interesting annulations with
allenoates resulting in Lu or Morita–Baylis–Hillman type reactions. Once the Lewis base
engages with the allenoate there can be several modes of nucleophilic reactivity that allows
for the allenic ester to act as a two or three carbon synthon. The allenoate can then react
with varying electron deficient olefins generating more complex molecules with high atom
economy and few byproducts.
The development of complex small molecules using easy to obtain starting
materials such as 1,4-naphthoquinone is a significant goal of this project. Current research
has been focused on cyclizing 1,4-naphthoquinone with varying allenoate substituents
using triphenylphosphine as the Lewis base. This method has proven successful with
yields up to 90 % for 10 different allenic esters. To expand on the utility of the method 2methyl-1,4-naphthoquionone and 2-hydroxy-1,4-napthoquinone were explored. 2-methyl1,4-naphthoquinone gives the target product with yields around 45%. 2-hydroxy-1,4naphthoquinone also gives the target product with yields around 35%. 2-hydroxy-1,4naphthoquionone also gives a Ramirez ylide derivative with yields around 25%.
ii

The method was expanded to include amine promoted reactions of 1,4naphthoquinones with allenoates.

Several reaction conditions were attempted with

promising results. Phosphine promoted reactions were also attempted with γ-substituted
allenoates using 2-methyl-1,4-naphthoquinone as a coupling partner with extremely
promising results toward a single product.

iii
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Chapter 1: Introduction of Nucleophilic Catalysis and its Uses in Organic Synthesis
1.1: Methodology Development in Organic Chemistry
The previous thirty years has been an exciting time in organic chemistry. The
significant advances in chemical, regio, diastereomer and enantiomeric selectivity have
opened up the floodgates for innovative pathways to natural products, drug design, and
new materials.1 A substantial goal of modern organic chemistry is to generate highly
complex molecules from easily obtained and simple starting materials.2 The process of
choosing the correct reaction in order to gain the specific compound needed is a significant
ambition of synthetic method development. By taking advantage of current research for
facile bond forming reactions, new pathways for more complex molecules can be
discovered.
Recent perspectives on organic chemistry have reflected upon the importance of
developing new and exciting ways to generate diversity in pharmaceuticals, natural product
derivatives and new materials.2–5 Dr. Phil Baran discusses the importance of human
creativity and ingenuity over algorithms and computer automation for reaching natural
products.2 The grit of a chemist that develops new methods towards these natural products
demonstrate an imagination and scientific intuition that can be used in several other fields
including new materials, agriculture and drug design.
1

Dr. George M. Whitesides presents a compelling argument that organic synthesis
is a changing field.3 With generations of scientists focusing on the elegance of generating
organic structures, the future will have to accommodate the function of each new molecule
created. Students interested in synthesis will have to also consider how innovation,
synthetic biology, non-covalent supramolecular assembly, methods from chemical
engineering, and the chemistry of simple molecules such and carbon dioxide and methane
will play into their future careers. By taking advantage of artificial intelligence and
automation more of the pressing questions that can be answered by chemical synthesis will
get closer to a reality.
Dr. Campos and coworkers examined how advances in synthetic chemistry have
helped to accelerate drug discovery.5 The authors discuss the recent advances in method
development which has opened the door for several new methods to reach known medicinal
targets in less steps with higher atom economy. For example, the authors discuss the use
of photoredox chemistry for carbon-oxygen and carbon-nitrogen cross coupling reactions
which has be in used in the drug tirofiban. The authors positive outlook on synthetic
chemistry as a field ripe for collaboration with biology and biochemistry, computational
chemistry, and analytical analysis demonstrates the importance of synthetic chemistry and
method development.
These three perspectives offer insight into the future of organic synthesis and what
direction future researchers will take. The common theme from all three is that there is
2

still significant room for synthetic chemists to grow their knowledge base of methodology.
An important method that is in a constant state of development is nucleophilic catalysis.
The rest of this chapter will give an overview of nucleophilic catalysis and its uses in
modern synthetic chemistry. This will then be followed by a discussion of nucleophilic
catalytic reactions with allenoates and the typical behavioral differences between
phosphine and amine catalysts. The discussion will then close with how to choose the
electron deficient olefin coupling partner.
1.2: Nucleophilic Catalysis—An Overview
Nucleophilic catalysis is a reaction process in which a Lewis basic molecule
promotes a reaction by generating a stable Lewis adduct during the pathway for the desired
product. Fundamentally, Lewis base catalysis is when an electron pair donor increases
reaction rate by interacting with a target Lewis base acceptor.6 Though this may seem
counterintuitive to how chemists generally think of acid/base activity, there are a number
of examples of using Lewis bases as a way to enhance a reaction. SmI2 reductions will
generally involve an additive, such as the Lewis base HMPA, to enhance the reduction
potential. This example is one way Lewis bases have been employed in single-electron
chemistry.7
In his 2008 review, Dr. Scott Denmark uses the following definition for
nucleophilic catalysis:
“Lewis base catalysis is the process by which an electron-pair donor increases the
rate of a given chemical reaction by interacting with an acceptor atom in one of the
reagents or substrates. The binding event may enhance either the electrophilic or
nucleophilic character of the bound species.”6
3

Though this is wonderfully succinct, this definition does not take into account how
a bonding event occurs, and what the Lewis acid/base pair needs to have in common in
order for productive distribution of electron density.
By the Denmark definition, another example Lewis base catalysis is ligands in
metalorganic chemistry. An excellent example are the Buchwald ligands.8 Each of the
mono-phosphate ligands donate an electron pair to the metal center, changing the reactivity
of the metal center. By modulating the groups around the phosphine, the behavior of the
ligand with the metal center changes, therefore altering how the metal catalyst behaves in
the system.
For the general approach of using a Lewis base for catalytic purposes, the base itself
needs a non-bonding electron pair that can then interact with a π* orbital of the target Lewis
acid.6 Depending on the location of the π*orbital, the reactivity pattern of the bonding
event will mimic that of a 1,2-addition or a 1,4-addition. For carbonyl compounds such as
ketones, the Lewis base will attack the carbonyl carbon, generating a tetrahedral
intermediate.

The carbonyl will then either collapse, releasing a leaving group, or

nucleophilicity is transferred to the oxygen atom.
For α,β-unsaturated carbonyls, the Lewis base will typically attack at the β-carbon,
generating a zwitterion intermediate. This reactivity transfers nucleophilic character to the
α-carbon or electrophilic character to the β-carbon (after release of a leaving group). Figure
1 outlines the difference in the reactivity.
4

Figure 1: Differences between carbonyl and α,β-unsaturated carbonyl interaction
with Lewis bases.
Identity and strength of a Lewis base is a common way to explain reactivity of
Lewis base catalyzed reactions.6 Identity is straightforward to resolve when the context of
Lewis base catalyzed reactions is narrowed to organocatalytic promoters. This leaves
organic molecules with heteroatoms from the pnictogen and chalcogen element families,
specifically nitrogen, phosphorus, oxygen, and sulfur. Of these choices, nitrogen and
phosphorus containing Lewis bases are the most prevalent in the literature.6,9–12
The strength of a Lewis base is much more difficult to pin down. Several common
Lewis bases are solvents (e.g. triethylamine and HMPA) therefore the ability to solvate
molecules and the dielectric constant can be used as a baseline for the strength of the Lewis
base.6 The major issue with this approach is that several common Lewis bases (such as
triphenylphosphine) are not solvents. Another issue is that solvation does not take into
account how the Lewis acid interacts with the Lewis base.
Other methods involve comparing the rates of complexation to a standard Lewis
acid, pKa values, and measuring the ability of the donor/acceptor pair to participate in
electrostatic bonding and covalent bonding.6 All of the methods proposed give similar
qualitative trends toward the strength of a specific Lewis base. For this discussion, any
mention of strength will be qualitative and rely on nucleophilicity changes within the base
“family” (i.e. triphenylphosphine verses methyldiphenylphosphine).
5

1.3: Lewis Base Catalyzed Reactions with Allenoates
Lewis base catalyzed additions of allenoates with electron deficient olefins is an
efficient method for generating new carbon-carbon bonds. Both phosphine and amine
Lewis bases offer interesting annulations with allenes.10,11,13 Once the Lewis base has
attacked there can be several modes of nucleophilic reactivity (Figure 2). Primarily the

Figure 2: Resonance forms of activated allenic esters.
reaction occurs at the alpha carbon from the zwitterionic intermediate. The allene can then
react with varying electron deficient olefins generating more complex molecules with high
atom economy and few byproducts. Since the first reported reaction of triphenylphosphine
catalyzed cyclization of ethyl buta-2,3-dienoate with methyl acrylate by Lu in 1995 this
method has been extensively explored for many annulations including in total
synthesis.10,11,13 The following sections will cover the more recent or interesting work of
Lewis base catalyzed reactions of allenoates with phosphenes. This will then be followed
up by a literature review of amine catalyzed reactions involving allenic esters.
1.3.1: Lewis Base Catalyzed Reactions of Allenoates Using Phosphines
There have been many reviews on the topic of phosphine catalyzed reactions of
allenic esters.10–14 Since this has become such a powerful tool in organic synthesis, it is
not surprising that so many reviews exist. The following will discuss some of the more
6

relevant papers published since the seminal publication on the topic in 1995.15 These
examples were chosen to highlight the variety of reactivity observed by phosphine
catalyzed reactions; Lu type [3+2] cycloadditions, Morita-Baylis-Hillman reactions,
benzannulations, umpolung additions, and catalytic Wittig reactions.
The Shi group presented a tributylphosphine catalyzed reaction of N-tosyl
aldimines (1.2) with 3-methylpenta-3,4-diene-2-one (1.3).16 The cyclized aza- MoritaBaylis-Hillman adducts were isolated in high yields over the two products generated (1.4
and 1.5). The reaction conditions and products generated are outlined in Figure 3.

Figure 3: Reaction of N-tosyl aldimines with 3-methylpenta-3,4-diene-2-one.
To follow up the work with the 3-methylpenta-3,4-diene-2-one, Zhao and Shi
reported a dimethylphenylphosphine catalyzed reaction of ethyl penta-2,3-dienoate with
N-tosyl aldimines (Figure 4).17 Several examples of the partially saturated pyrrolidine
structure was isolated in moderate to high yields with a moderate syn:anti ratio.

Figure 4: Reaction of N-tosyl aldimines with ethyl penta-2,3-dieonate.
Guan and coworkers presented an abnormal aza- Morita-Baylis-Hillman reaction
between N-Boc-imines and ethyl allenoate.18 The triphenylphosphine catalyzed reaction
generated the enamine in moderate yields. Figure 5 outlines the conditions and product.
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Figure 6: The reaction conditions presented by Guan and coworkers.
The Shi group reported a [3+2] cycloaddition of ethyl allenoate with 2-(1-(tertbutoxycarbonyl)-2-oxoindoline-3ylidene)malonate derivatives.19 The tributylphosphine
catalyzed annulation resulted in the spirocyclic products in high yields (Figure 6). The two
regio-isomers are not able to be separated, but proton NMR analysis shows to the more
stable isomer to form from γ-addition of the allenoate to the electron deficient olefin (1.10).

Figure 5: [3+2] cycloaddition of ethyl allenoate with 2-(1-(tert-butoxycarbonyl)-2oxoindoline-3ylidene)malonate derivatives.
Wang and coworkers reported a [3+2] cycloaddition of ethyl allenoate with 3-acylScheme 1:
2H-chromen-ones.20 The tributylphosphine catalyzed reaction generated 6,6,5 rings in
high yields via γ-addition of the allenoate (Figure 7). The authors compared this to
DABCO catalyzed [4+2] annulations, which are described in the next section.

Figure 7: [3+2] cycloaddition of 3-acyl-2H-chromen-ones with ethyl allenoate.
The Ye group reported a [3+2] cycloaddition of cyclic ketimines with allenoates.21
The phosphine catalyzed addition was completed in toluene at room temperature over three
days. The resulting 6,5,5 ring system was well tolerated and several examples were
8

isolated in moderate to high yields (Figure 8).

The authors note that when

triphenylphosphine is used as the catalyst the allenoate add from the alpha position of the
zwitterion, and when tributylphosphine is used the zwitterion adds from the gamma
position.

Figure 8: [3+2] cycloaddition of ketamines with allenic esters.
Dakas and coworkers published a pathway toward neuritogenic compound classes
via a [3+2] cycloaddition of allenic esters with cyclopentenones.22 The authors reported
several examples using tributylphosphine as the catalyst in high yields. The authors also
used an amino acid derived catalyst that generated product in moderate yields and high
enantiomeric excess (Figure 9). The enantioenriched product was then subjected to an
optimized Baeyer-Villiger oxidation to give cyclic lactones in moderate yields.

Figure 9: Asymmetric [3+2] cycloaddition of allenoates to cyclopentenones.
Li and Huang presented a Lewis base domino reaction to generate
bicyclic[3,3,0]octenes.23 The authors constructed these rings via a phosphine catalyzed
reaction of γ-substituted allenoates with (E)-2-(1,3-diphenylallylidene)malononitrile
9

(Figure 10). The authors were able to construct several examples in high yields. Due to
the 1,4-diene in the electrophile, the activated allenoate will participate in two ring closing
events before the catalyst is removed.

Figure 10: The conditions toward Li and Huang's bicyclic[3.3.0]octenes.
The Nair group reported a protocol toward benzannulation though 1,2-diones with
γ-substituted allenoates.24 The protocol allowed the authors to generate several examples
of polycyclic aromatic hydrocarbons in moderate yields. The proposed mechanism of
action is through a Lewis base catalyzed event, followed by an intramolecular Wittig
reaction to decarboxylate the product, generating an aromatic hydrocarbon (see Figure 11).
The authors then subjected their compounds to fluorescence spectroscopy to determine if
they would be amiable as building blocks for organic light emitting diodes. Their
preliminary results are promising toward a new method for increasing conjugation.

Figure 11: Mechanism presented by Nair and coworkers.
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Jose and coworkers reported a phosphine promoted reaction of γ-substituted
allenoates with isatins.25 The spirofuran oxindoles were isolated in moderate yields (Figure
12). The interesting structure is thought to come about from δ-addition, followed by proton
transfer, and attack from the oxide to generate the spirofuran moiety.

Figure 12: Conditions toward spirofuran oxindoles.
Yao, Dou, and Lu, published their report on an enantioselective reaction towards
dihydropyrans through β,γ-unsaturated α-ketoesters.26 After screening for an amino-acid
derived phosphine catalyst the authors performed their annulation of allenic ketones with
the keto esters to give the dihydropyrans in high yields and high enantiomeric excess
(Figure 13).

Post reaction modification of the dihydropyrans gave an anti-

hypercholesterolemic agent in three steps. The authors were also able to use their method
to generate a [3+2] cycloaddition product with benzyl allenoate.

Figure 13: Optimized conditions for the formation of dihydropyrans.
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Kumari and Swamy presented a [3+2] cycloaddition of enynals with ethyl allenoate
to generate functionalized cyclopentene rings.27 Two products were isolated in combined
moderate yields. The rise of the two product is due to the stability of γ-addition over αaddition (Figure 14 eq. 1). Since the final product had both an aldehyde and alkyne present,
it is ripe for intramolecular gold catalyzed cyclization (Figure 14 eq. 2). The authors were
able to optimize a one-pot [3+2] cycloaddition followed by gold catalysis to generate
benzofurans in moderate yields.

Figure 14: [3+2] cycloaddition of allenoates with eneynals (eq. 1) and gold catalyzed
cyclization (eq. 2).
The Lu group published their [4+2] annulation that lead to functionalized
dihydropyrans.28

The asymmetric reaction took advantage of an amino acid derive

phosphine catalyst to successfully generate product from oxadienes and allenic ketones
(Figure 15). The authors were able to generate several examples in high yields and high
enantiomeric excess.

Figure 15: Asymmetric reaction toward functionalized dihydropyrans.
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Yuan and coworkers presented an enantioselective [4+3] cycloaddition of C,Ncyclic azomethine imines with allenoates.29

The authors employed an Kwon chiral

phosphine catalyst with an α’-substituted allenoate to produce the C4 synthon and also
impart chirality to the final product. Several examples of the product were generated in
moderate to high yields, high enantiomeric excess, and high diastereomeric ratio (Figure
16 for optimized conditions and product). In order to demonstrate the utility of the method,
the authors reported four post reaction modifications that enhance the reactivity of the
product.

Figure 16: Phosphine catalyzed reaction toward qunazoline-based tricyclic
heterocycles.
Wang and Tong reported a [3+2] cycloaddition of 2-naphthols with δ-acetoxy
allenoates with a chiral phosphine catalyst.30 The authors report several examples in
moderate to high yields and high enantiomeric excess (Figure 17). Two post reaction
modifications were performed in order to demonstrate the utility of the method. The ester
was reduced to an alcohol via a DIBALH reduction, and the dihydrofuran was converted
to a furan via a DDQ oxidation.

Figure 17: Optimized conditions toward dihydrofurans.

13

The Guo group published a [4+2] annulation of an allenoate with sulfamate-derived
cyclic imines.31 The authors report several examples in high yields (Figure 18). They do
note that the reaction does not work with a substation at the γ-position of the allenoate.
The authors were able perform the reaction on a gram scale, and were able to remove the
double bond of the cyclohexanone moiety.

Figure 18: [4+2] annulation of allenoate with sulfamate-derived cyclic imines.
Wang and coworkers reported a [2+4] annulation to generate pyrrolidine-2-one
fused dihydropyrans. The method presented involved using α’-substituted allenic esters as
C2 synthons, which will couple with (E)-1-benzyl-4-olefinicpyrrolidine-2,3-diones using
an amino acid derived phosphine catalyst (Figure 17). The authors report several examples
in moderate yields with high enantiomeric excess.

Figure 19: Optimized conditions toward pyrrolidine-2-one fused dihydropyrans.
The Zhou group reported a phosphine catalyzed domino reaction toward 3 ahydroxyisooxazolo[3,2-a]insoindol-(3 aH)one derivatives.32 N-hydroxyphthalimides were
cyclized with varying allenic esters to achieve several products in moderate to high yields
(optimized conditions are showcased in Figure 20). In order to demonstrate the utility of
14

the method the authors opened the amide bond to get to 2-(4-(ethoxycarbonyl)-5methylisoxazol-3-yl)benzoic acid, which is pharmaceutically interesting.

Figure 20: Optimized conditions toward 3 a-hydroxyisooxazolo[3,2-a]insoindol-(3
aH)one derivatives.
Su et.al. discuss a regioselective diversification of 4-hydroxycoumarins with
allenoates.33 Under phosphine catalyzed conditions, the authors report an umpolung
pathway in which the activated allenic ester acts as a base (Figure 21 for mechanism). This
pathway is hypothesized by isolation of intermediate 1.59, which is then subjected to
optimized conditions or a base to generate product 1.61.

Figure 21: Mechanism toward dihydropyran 1.61.
The Zhang group published an enantioselective [3+2] annulation of β-perfluoralkyl
enones with γ-substituted allenoates.34 The authors used two different chiral phosphine
catalysts in order to obtain several products in moderate yields and moderate to high
enantiomeric excess (Figure 22, 1.64 for γ-aryl, 1.65 for γ-alkyl). The authors then studied
the catalytic cycles of each catalyst and determined that 1.64 imparted chiral information
15

via deracemization of the allenic ester. Catalyst 1.65 is multifunctional and therefore
imparts chiral information through kinetic resolution by hydrogen bonding with the ester
of the allenoate.

Figure 22: Pathway to chiral cyclopentenes.
Zhou and coworkers published a phosphine catalyzed [3+2] pathway toward
tetrahydrocyclopenta[b]naphthalene derivatives.35 Cyclization of ethyl allenoate with 3substuted-2-hydroxy-1,4-napthoquinones proceeded smoothly with high yields (Figure
23). The authors then attempted asymmetric annulations. They found that Kwon type
phosphine catalysts gave the highest yield over other chiral phosphines although
enantiomeric excess was not observed above 60%. The authors probed the utility of the
method by performing a [3+2] cycloaddition of the product with nitrilimines to generate a
pyrazole derivative.

Figure 23: Optimized conditions toward tetrahydrocyclopenta[b]naphthalene
derivatives.
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The Kwon group reported a catalytic bridged-phosphine oxide promoted γumpolung addition of an allenoate, followed by Wittig olefination.36 Initial research was
conducted into determining the correct phosphine oxide that would facilitate conversion
the parent phosphine. This is achieved through a redox reaction of silanes. Though this
the authors learned that the optimal bond C-P-C bond angle should be at 93° in order to
obtain 100% conversion. Once an optimal catalyst was determined the authors performed
their γ-umpolung/Wittig reaction of allenoates with o-aminobenzalhdehydes under
optimized conditions to generate several examples of 1,2-dihydroquinolines in high yields.
The optimized conditions and catalytic cycle can be found in Figure 24.

Figure 24: Optimized conditions and catalytic cycle toward 1,2-dihydroquinolines.
1.3.2: Lewis Base Catalyzed Reactions of Allenoates Using Amines
Phosphine based reactions of allenic esters have been well documented since the
seminal work of Lu in 199510,11,13,15. However, amine Lewis bases have yet to be explored
with such rigorous vigor. Investigation into the reactivity of amine catalysts with allenic
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esters must begin with a brief discussion of the reactivity of vinyl carboxylates with amine
Lewis bases. These reactions set up our understanding of the reactivity of allenoates with
these types of catalysts. This will then lead into a discussion on the advances of using
quinuclidine type amines; which has been most extensively explored. Then pyridine type
catalysts will be discussed, followed by non-traditional Lewis base catalysts (nonquinuclidine type cyclic amines, phase-transfer catalysts, and N-heterocyclic carbenes).
1.3.2.1: Reactions of Vinyl Ketones, Esters, and Aldehydes with Amine Lewis Bases
The Morita-Baylis-Hillman reaction is the coupling reaction between an alpha
carbon of an activated alkene and an electrophilic carbon. This named carbon-carbon bon
forming reaction demonstrates the strength of Lewis base catalysis in organic synthesis.
The product of a Morita-Baylis-Hillman reaction, and the counterpart Rauhut-Currier
reaction, generates more complex molecules with high atom economy and few biproducts.
The 2003 review of Morita-Baylis-Hillman reactions by the Basavaiah group summarized
the utility of this reaction class.37 Figure 25 outlines the reaction and mechanism of action.
Since this review several more examples have been published. The following outlines

Figure 25: Morita-Baylis-Hillman reaction and mechanism.
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recent publications in which an amine Lewis base was utilized in a Morita-Baylis-Hillman
type reaction.

The specific examples showcased here are relevant for the current

mechanistic understanding of Morita-Baylis-Hillman reactions, [2+2] and [4+2]
cycloadditions with allenoates.
In 2003 Shi and Xu published their report on a DABCO catalyzed double azaMorita-Baylis-Hillman reaction of N-sulfonated benzylimine with phenyl vinyl ketone.38
The authors report an adequate substrate scope with moderate yields and 0:100 syn/anti
ratio (Figure 26). A mechanistic study determined that the double aza- Morita-BaylisHillman product does not come from further reaction with the predicted Morita-BaylisHillman product. The authors surmise that a 1,4-addition followed by a 1,2-addition of a
free phenyl vinyl ketone must occur.

Figure 26: Pathway to double aza-Morita-Baylis-Hillman adduct.
In 2004 Lee and Lee reported their protocol for the for a Rauhut-Currier reaction
of 2,3-diahlogen-1,4-naphthoquinones with either; methyl acrylate, methyl vinyl ketone,
or acrolein, to generate vinylnaphthoquinones in good to high yields (Figure 28, eq. 1).39
Divinylnapthoquinones could also be isolated by using a stepwise process or a higher
equivalence of DABCO (Figure 28, eq. 2). The divinylnaphthoquinones were further
transformed to the corresponding anthraquinones by refluxing in toluene followed by
oxidation (Figure 28, eq. 3).
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Figure 28: The reaction of halogenated 1,4-naphthoquionones (X = Cl or Br) with
various vinyl carbonyls (R= OMe, Me, H).
The Lee group continued their work on Morita-Baylis-Hillman reactions with
methyl acrylate and methyl vinyl ketone by exploring conditions with haloquinoline-5,8diones (Figure 27).40 By modulating the reaction conditions the authors were able to
generate mono- or divinylquinolinediones in moderate yields. The authors were then able
to cyclize the divinylquinolinediones by refluxing in toluene to generate 6,9-disubstitued
benzo[g]quinolines.

Figure 27: Cyclization of vinyl ketones with haloquinoline-5,8-diones.
In 2011 Madhavan and Shamugam presented a three component reaction to
generate derivatives of ferrocene through an aza- Morita-Baylis-Hillman mechanism.41
The authors report several compounds starting from ferrocene aldehyde, tosyl amine, and
several electrophilic olefins, including acrylonitrile and methyl vinyl ketone. With methyl
vinyl ketone the authors were able to perform multiple functionalization by using different
Lewis bases and other minor reaction condition modifications (Figure 29). All products
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were reported in modest to high yields. The authors do mention that the did attempt this
reaction with cycloalkenone, acrylamide, and acrolein with no results.

Figure 29: DABCO promoted pathway to ferrocene derivatives.
Ramachary and coworkers reported an asymmetric [3+2] cycloaddition to generate
methanobenzo[7]annulenes.42 The initial reaction pathway predicted six possible products
through either Michael/5-(enolexo)-exo-trig cyclization or formal [3+2] cyclization. The
authors were pleased to report that the reaction between 2-hydroxy-3-alkyl-1,4naphthoquinones with methyl vinyl ketones using a cinchona alkaloid derived catalyst
generated several examples of just a single [3+2] cyclization in high yields and high
enantioselectivities (Figure 30).

Figure 30: Reaction of 2-hydroxy-3-alkyl-1,4-naphthoquinones with methyl vinyl
ketones using a cinchona alkaloid derived catalyst.
1.3.2.2: Reactions of Allenoates with Quinuclidine Type Amines
Quinuclidine type compounds are the most popular amine catalyst due to their
known Lewis base activity and the ability to generate asymmetric catalysts from natural
products.6 Of these quinuclidine amines DABCO is the most popular due to availability
and cost. The following documents several publications that employed these types of
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amine catalysts. The results are divergent from what is observed when phosphine catalysts
are used, indicating that quinuclidine type catalyst have their own catalytic pathway. Due
to the fact that nitrogen is not amiable to an ylide type structure, other pathways are open
for reactivity.
The first reported coupling reaction of an allenic ester with an aldehyde using an
amine base was by Tsuboi and coworkers in 1988 and again in 1993.43,44

The initial

reaction (outlined in Figure 31) with a sub-stoichiometric amount of DABCO produced the
aldol product in moderate yields. The authors performed the reaction with a full equivalent
of n-butyllithium to give the same product. Tsuboi and coworkers do not make any farreaching conclusions of observed mechanistic differences but they do mention that
DABCO is known to catalyze similar aldol reactions with acrylates.

Figure 31: Reaction conditions for the DABCO catalyzed coupling of propanal with
ethyl allenoate.
In 2003 Evans and Miller reported a quinuclidine catalyzed Rauhut-Currier type
reaction between α, β-unsaturated carbonyls with ethyl allenoate.45 The authors report high
yields for their substrate scope. The method presented works for both aliphatic and
aromatic α, β-unsaturated carbonyls (Figure 32). The authors predict that the divergent
reactivity observed between the phosphine and the quinuclidine is due to the fact that
phosphine catalysts benefit from an ylide type intermediate, while amine catalysts cannot.
The authors then performed a three-component coupling reaction using an acrylate,
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aldehyde, and ethyl allenoate to expand upon their method. Four examples were isolated
in moderate yields.

Figure 32: Rauhut-Currier reaction between α, β-unsaturated carbonyls with ethyl
allenoate.
Zhao et.al. reported a divergent Aza-Morita-Baylis-Hillman using ethyl allenoate
and N-tosylated imines, in which products were determined by the catalyst (DABCO or
DMAP)46. Figure 33 outlines their findings with DABCO. The authors propose that the
activated allenic ester attacks from the gamma position to generate the azetidine products.
The authors further demonstrated that the DABCO reaction will give similar results with
allenic ketone with lower yields.

Figure 33: Aza-Morita-Baylis-Hillman Reaction. R is various aromatic groups.
The Miller group demonstrated a unique Morita-Baylis-Hillman reaction coupling
of allenic esters with α,β-unsaturated carbonyls under a quinuclidine catalysts.47 They were
able to generate several structures in high yields (Figure 34 eq.1). The authors were then
able to further transform the Morita-Baylis-Hillman products into 7-membered azacycles,
which proceeded smoothly under single pot conditions with high yields (Figure 34 eq. 2).
The authors followed up the synthesis of azacyclies by condensing the Morita-Baylis-
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Hillman product with 2-aminothiazols to generate pyrimidines, in good to high yields
(Figure 34 eq. 3).

Figure 34: Summary of the reactions performed by the Miller group.
In 2005 the Shi group used DABCO to cyclize several salicyl N-tosylimines with
ethyl allenoate to generate chromenes48. Initial reactions with phosphine catalysts gave the
[3+2] cyclized product (Figure 35, eq. 1). Switching the organic catalyst to DABCO
afforded the chromene product in good yields (Figure 35, eq. 2). Under the correct
conditions, activated allenoates can act as a base and will deprotonate phenols. This will
then generate an umpolung type mechanism; leading to the chromene product in this case.

Figure 35: Divergent phosphine and DABCO reactivity.
Following the previous two examples from the Shi group using tosyl protected
aromatic amines, they significantly increased the scope of their work by exploring reaction
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conditions as well as expanding the scope of the aromatic rings of the N-tosyl aldimines
(see Figure 33).17 The authors found that by changing the reaction conditions they were
able to modulate for the cyclic product over the traditional Morita-Baylis-Hillman product
by adding molecular sieves. The sieves soak up ambient water in the reaction, which then
encourages the cyclic product due to the fact that the proton transfer step is hindered.
Furthermore, the azetidine products come from gamma addition of the activated allenoate.
Supplementary reactivity was explored by using the allenic ketone under similar conditions
to give the same cyclic product.
Following the success of the N-tosyl aldimines demonstrating abnormal MoritaBaylis-Hillman behavior, the Shi group reported that boc protected imines displayed
typical reactivity for the reaction class.18 The authors concluded the difference between
the protecting groups could be due to stability afforded by the tert-butyloxycarbonyl, which
allows for resonance that is not seen by tosyl protecting groups. The substrate scope
demonstrated that the reaction worked well with a wide verity of aromatic boc protected
imines, but they had little success with alkyl imines (Figure 36).

Figure 36: Reactions of Ethyl allenoate with Boc protected imines.
Li and coworkers reported a DABCO catalyzed [3+n] cycloaddition of 2(acetoxymethyl)buta-2,3-dieneoates with 1,n-bisnucleophiles.49

Initial reactivity was

established with a [3+3] cycloaddition of the α’-allenic ester with phenyl methylcyanno
ketone to generate the pyran product in quantitative yield (Figure 37). The authors report
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a strong substrate scope with high yields for the ketone starting material. Increasing the
scope to 1,2(or 3)-N,N’-ethyl (or propyl) amine the authors were able to generate 7 and 8
membered diamine rings.

Figure 37: Optimized conditions to substituted pyrans.
Activated N-sulfonylimines were explored as electrophilic coupling partners for
benzyl allenoate with DABCO as a catalyst by the Pinho e Melo group in 2010.50 The
authors observed similar reactivity as that of the N-tosyl aldimines presented by the Shi
group. The yields of the resulting sulfonated α-allenylamines were moderate (Figure 38).
The authors furthered their work by subjecting a chiral 10-phenylsufonylisobornyl buta2,3-dienoate to their optimized conditions and produced optically active products.

Figure 38: Optimized conditions toward 2-azetines.
In 2011 the Miller group explored divergent amine and phosphine catalytic activity
with benzyl allenoate and 2,2,2-trifluroacetophenone as the electrophilic coupling
partner.51 Using DABCO as the amine catalyst the authors observed γ-addition of the
activated allenoate to the ketone followed by oxyanion attack a catalyst elimination to
afford oxetanes in moderate yields (Figure 39). Substitution at the 4-postion off the
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benzophenone was well tolerated. The authors note that the trifluoromethyl moiety is
required for reaction to occur.

Figure 39: Optimized conditions of benzyl allenoate annulation with 2,2,2trifluoracetophenone.
Zhu et.al., inspired by the Shi’s group work with N-tosyl aldimines, set out to use
a cinchona alkaloid derived Lewis base in an asymmetric [2+2] with ethyl allenoate to
generate azetidines with aromatic N-sulfonylimines as coupling partners.52 The authors
tested several catalysts and conditions, determining that a less ridged catalyst was needed
to generate high enantiomeric excess. The reaction conditions tolerated several aromatic
groups off of the N-sulfonylimine; moderate to high yields are reported with enantiomeric
excess generally above 90%. Figure 40 outlines their optimized conditions.

Figure 40: Zhu’s enantioselective [2+2] cycloaddition.
Directly following Zhu’s work, the Shi group reported their own cinchona derived
catalytic [4+2] cycloaddition of ethyl allenoate with salicyl N-tosylamine.53 The authors
were able to generate several examples of functionalized chromans with moderate to high
yields and moderate enantiomeric excess (Figure 42).
27

Figure 42: Optimized conditions towards chromans.
The Borhan group described a [4+2] cycloaddition of ethyl allenoate and an acrylic
enone using DABCO as the catalyst to generate diverse dihydropyrans.54 The authors were
able to optimize their reaction conditions and isolate the cycloaddition product in moderate
yields. They then turned their attention to asymmetric catalysts (Figure 41). By using both
an S and R type catalysts, the authors were able to generate asymmetric dihydropyrans with
high yields and high enantioselectivities for both the R and S products.

Figure 41: Optimized conditions for both S and R dihydropyrans.
Wang et.al. described a formal [2+2] cycloaddition of allenic esters with aromatic
trifluromethyl ketones using DABCO as a base to generate 2-alkyleneoxetanes.55 The
authors were pleased to report that their modest substrate scope was well tolerated to the
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optimized conditions; they report moderate to high yields and high E/Z isometric ratio
(Figure 43). They were able to confirm the diastereomer with X-ray crystallography.

Figure 43: Catalytic approach toward 2-alkyleneoxetanes.
As mentioned in the previous section, the Shanmugam group was able to generate
a diverse class of ferrocene compounds through a three-component aza- Morita-BaylisHillman reaction.41 The authors were also able to use ethyl allenoate with a DABCO
catalyst to generate product in 92% yield (Figure 44).

Figure 44: DABCO promoted of the ketoester of ferrocene.
The Wang group, in 2011, reported a DABCO catalyzed [4+2] cyclization of
:
arylidenoxindoles with ethyl allenoate to generate dihydropyran-fused indoles.56 The
authors demonstrate a wide scope of aromatic rings, in which both electron withdrawing
and electron donating moieties are well tolerated and moderate to high yields are reported,
as well as only the E isomer being observed (Figure 45). The authors performed a DFT

Figure 45: DABCO catalyzed [4+2] cyclization reported by the Wang group.
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study to build their understanding of the catalytic cycle. As can be surmised from the
product, the DFT calculations showed that the activated allenic ester attacked from the
gamma position, this is then followed by the oxygen of the enolate performing a
nucleophilic attack at the beta carbon, releasing the catalyst.
The Tong group reported and enantioselective [4+2] cyclization to generate (E)3,4-dihydro-2H-pyrans with allenoates and oxo-dienes.57 The initial reaction with benzyl
allenoate and the α,β-unsaturated ketone generated product in 97 % yield. With that
exciting result the authors turned their attention to cinchona alkaloids to generate
asymmetric products. The reaction with methoxy substituted cinchona alkaloid allowed
for a large substrate scope with moderate to high yields and high enantiomeric excess
(Figure 46). The authors then go on to perform theoretical calculations to determine that
the (E)-configuration has a lower energy than the (Z)-configuration.

The authors

demonstrated this experimentally by running the reaction at higher temperatures, which
then generated the (Z)-configuration. The high enantiomeric excess is theorized to be due
to steric blocking from the cinchona catalyst.

Figure 46: Optimized conditions toward asymmetric dihydropyrans.
Zhao et.al. disclosed a Rauhut-Currier reaction catalyzed by DABCO with allenic
esters and maleimides.58 The initial testing was successful and the authors were able to
isolate product with moderate to high yields. Following this, the authors turned their
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attention to asymmetric quinidine type catalyst β-ICD (Figure 47). The asymmetric variant
gave the target product in high yields and excellent enantiomeric excess. The authors then
exhibited two examples of post reaction modifications, demonstrating the utility of their
method.

Figure 47: Optimized Rauhut-Currier reaction from Zhao and coworkers.
The Shi group presented in 2012 a DABCO catalyzed [4+2] cycloaddition of ethyl
allenoate with their newly synthesized 3-substitued isatin to generate polycyclic indoles in
moderate to excellent yields (Figure 48).59 Substitutions on the aromatic isatin are well
tolerated though there was little exploration of the tolerance of different groups at the 3position of the isatin, or different allenic esters.

Figure 48: Optimized conditions toward polycyclic indoles.
Following the success of the Rauhut-Currier reaction, Zhao et.al. continued their
work with β-ICD by performing a [2+2] cycloaddition of allenic esters with trifluoromethyl
ketones.60 After 6 days at -15 °C with excess water in THF, the authors were pleased to
report that several examples of 2-alkyleneoxetanes with moderate to high yields and high
enantiomeric excess (Figure 49). Once product was achieved the authors were able to
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perform two post reaction modifications with moderate yield. The enantiomeric excess
was maintained.

Figure 49: Asymmetric cyclization of allenic esters with trifluoromethyl ketones.
Pei et.al. reported a DABCO catalyzed [4+2] cycloaddition of β,γ-unsaturated αketophosphonates or β,γ-unsaturated α-ketoesters with allenoates.61

The products,

functionalized tetrahydropyrans and dihydropyrans, were reported in good yields with
moderate regioselectivity.

Figure 50 shows the optimized conditions for the β,γ-

unsaturated α-ketophosphonates.

Figure 50: Conditions toward functionalized pyrans with ketophosphonates.
The Shi group, following the success of the DABCO catalyzed reactions attempted
an asymmetric [4+2] cycloaddition of allenoates with β,γ-unsaturated α-ketoesters.62 The
authors explored several reaction conditions (Figure 51), and were pleased to find a method
that showed high yields and high enantioselectivities. Most functional groups were well
tolerated, with no significant drop in yield or enantiomeric excess observed.

Figure 51: [4+2] cycloaddition of allenoates with β,γ-unsaturated α-ketoesters.
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To cap the work of asymmetric catalysis that the Shi group had been working
toward in the previous examples, Pei et.al. reported an enantioselective route to
functionalized phosphonate substituted pyrans via an asymmetric [4+2] cycloaddition.63
The initial reaction was modeled after the previous work reported by using DABCO to
cyclize β,γ-unsaturated α-ketophosphonates with allenoates.61

Initial optimization was

toward which catalyst will lead to the pyran or the dihydropyran. Figure 52 outlines the
authors reaction conditions and catalysts. Optimized conditions for the pyran generated
moderate to excellent yield, with an average 5:1 ratio of pyran to dihydropyran, and a high
enantiomeric excess. The optimized conditions for the dihydropyran generated high yields
and highly diastereoselective.

Figure 52: Conditions and catalysts for the Shi reaction of β,γ-unsaturated αketophosphonates with allenoates.
Wang et.al. reported a DABCO catalyzed [4+2] cycloaddition of 3-acyl-2Hchromen-ones with ethyl allenoate.20 The dihydropyran derivatives were isolated in
excellent yields, with only the E-isomer present. The authors also report a strong substrate
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scope for the 3-acyl-2H-chromen-ones (Figure 53). Their proposed mechanism involves
attack from the gamma position of the allenoate followed by ring closing from the enolate.

Figure 53: Optimized conditions toward the [4+2] cycloaddition of 3-acyl-2Hchromen-ones.
Li and coworkers reported a [3+3] annulation of sulfur ylides with 2(acetoxymethyl)buta-2,3-dienoate.64 The DABCO catalyzed reaction in the presence of
potassium carbonate in acetone generates the target 4H-pyran in high yields (Figure 54).
The only exception is that the reaction does required an aromatic group adjacent to the
ketone. The authors demonstrate that their method works with varying sulfur ylides. When
using an ester stabilized sulfur ylide the authors observe the formation of a cyclopropane
ring. When the α,β-unsaturated ester derivative is used instead of the allenoate, an MoritaBaylis-Hillman product is formed.

Figure 54: Optimized conditions toward substituted pyrans.
The Ye group reported a DABCO catalyzed [2+2] cycloaddition of cyclic ketimines
with allenic esters.21 The azetidine products were generated in moderate to excellent
yields, with the lower yields being attributed to electron donating groups interfering with
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the nucleophilic attack of the activated allenoate (see Figure 55 for optimized conditions).
Excitedly, only the E-isomer was observed.

Figure 55: Optimized conditions towards multicyclic azetidines.
In 2013, the Sasai group described a [2+2] cycloaddition of ketimines with
allenoates using β-ICD as the nucleophilic catalyst.65 After optimizing the conditions the
authors were able to generate several examples of azetidines with high yields and
enantiomeric excess (Figure 56). The authors were then able to perform four synthetic
modifications, all were high yielding with high enantiomeric excess.

Figure 56: Optimized conditions for asymmetric azetidines.
In 2014, Yang et.al. explored several organocatalyzed reactions of allenic esters
with cyclic ketimines.66 In this work the authors describe a [2+2] cycloaddition ethyl
allenoate with activated cyclic ketimines using DABCO as a catalyst (Figure 57). Several
azetidine derivatives were produced in good to high yields. For these reactions it is

Figure 57: Optimized conditions toward multicyclic azetidines.
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important to note that the ketimine needs to be highly activated, a trifluoromethane moiety
at the imine position is required in order for reaction to proceed.
The Meng group reported a DABCO catalyzed [3+2] domino reaction of allenic
esters with methyleneoxindoles.67 The isolated tetrahydrofuran products were recovered
with moderated to high yields. Though the reactions are not enantioselective, there is a
high preference for the E,Z configuration (Figure 58). The mechanism is thought to go
through an umpolung addition, followed by an oxo-Michael addition to release the catalyst.

Figure 58: DABCO catalyzed [3+2] domino reaction of allenic esters with
methyleneoxindoles.
Yang et.al. reported an asymmetric domino reaction of allenoates with
acylideneoxindole derivatives to generate bioxindole-substituted hexahydrofuro[2,3b]furans.68 The bulky (DHQ)2AQN provided a significantly larger diastereomeric ratio as
well as enantiomeric excess then when DABCO was initially used as the catalyst. The
interesting motif is due to the fact that two equivalents of the oxindole derivative is
incorporated into the product (Figure 59). To further probe their protocol the authors added

Figure 59: Optimized conditions for the hexahydrofuro[2,3-b]furans.
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isatin as well as the acylideneoxindole with the allenic esters to generate a similar
bioxindole-substituted product. The authors also performed DFT studies to rationalize the
observed stereoselectivity.
The Chang group reported a [4+2] cycloaddition of 2-olefinic benzofuran-3-ones
with allenoates using (DHQD)2AQN as the enantioenriched catalyst.69 Compound 1.149
is not especially electrophilic with reaction times ranging between two and thirteen days.
This can be overcome by using more electron deficient benzofuran-3-ones or by decreasing
catalyst loading and running the reaction near reflux. Figure 60 demonstrates the optimized
conditions before attempting heating. The decreased catalyst load at reflux helps to prevent
oligomerization of the allenic ester. Overall the authors see moderate to excellent yields
with high enantiomeric excess.

Figure 60: Optimized conditions toward benzofuran-3-ones.
The Shi group reported an amine catalyzed [4+2] and [2+2] cycloadditions of
allenic esters with dithoesters.70 During optimization, the authors noted that the [4+2] and
the [2+2] product was present when DABCO was used as the catalyst (Figure 61). Through
optimization the authors were able to obtain the [4+2] product in an approximate 10:1 ratio
with the [2+2] product. The authors also explored using asymmetric catalysts and were
able to achieve the [2+2] product in higher excess.
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The authors were able to generate

several examples of each of the [4+2] and [2+2] products. The [2+2] thietane product was
also subjected to post reaction modification in moderate success.

Figure 61: General reaction conditions for the formation of 2,3-dihydro-1,4-oxathiines
and thietanes
Wang et.al. described a [4+2] cycloaddition of allenoates with (E)-3(benzylidiene)benzofuran-2-one to generate dihydropyran products.71 By using β-ICD as
the catalyst the authors were able to generate several examples with high yields and good
regio- and enantiomeric selectivity’s. DFT studies determined that the chirality switch was
due to the change in the catalyst’s ability to act as a specific type of proton donor. The
general reaction conditions are outlined in Figure 62.

Figure 62: Conditions for the [4+2] cycloaddition described by Wang et.al.
The Chang group described a [4+2] cycloaddition between allenoates and 3-olefinic
oxindoles to generate dihydropyran fused indoles.72 After optimization of the reaction
conditions, β-ICD was determined to be the best catalyst, giving >20:1 ratio of
dihydropyran to the pyran with moderate enantiomeric excess (Figure 63). The authors

Figure 63: Optimized conditions toward dihydropyran fused indoles.
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include an extensive substrate scope with tolerable to high yields, and low to excellent
enantiomeric excess.
Xu et.al. described a DABCO catalyzed [2+2] cycloaddition of allenic esters with
azodicarboxylates.73 Upon optimization the authors demonstrate a decent substrate scope.
Figure 64 outlines the optimized conditions.

It is important to note that the authors were

able to use γ-substituted allenoates to obtain product under their conditions.

Figure 64: Optimized conditions toward 1,2-diazetidines.
The Meng group described a [4+2] reaction of isatin derivatives with allenoates to
give pyran and dihydropyran rings.74 Using DABCO as the catalysts the authors were able
to tune toward the E-dihydropyran or the pyran ring depending upon the heat of the
reaction. These reactions build on Meng’s earlier work reported in 2014. 67 The authors
report a strong substrate scope with high yields. The selectivity for the pyran ring with the
heated reaction is fairly high; approximately 4:1 pyran to dihydropyran. Figure 65 outlines
the reaction conditions and products formed.

Figure 65: DABCO catalyzed [4+2] cycloaddition of isatins with allenoates.
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Kumari and Swamy reported a [4+2] cycloaddition of enynals with allenoates
using DABCO as the catalyst.27 The generated dihydropyrans are generated in moderate
to high yields with a modest substrate scope (Figure 66 for optimized conditions). The
authors were also able to use a cinchonine catalysts for an asymmetric reaction, which was
low yielding but the enantiomeric excess was reported up to 93%.

Figure 66: [2+4] cycloaddition towards dihydropyrans.
Ngo and coworkers described a [4+2] cycloaddition of allenoates with
tetrasubstituted eneones.75 The DABCO catalyzed reaction produced pyrans in high yields.
The authors then explored asymmetric catalysts with β-ICD giving the highest yield, with
the catalyst predominantly producing the dihydropyran product with a ratio of 90:10
(Figure 67). The optimization focused on substituted dihydropyran products due to known
compounds with bioactivity with a substituted dihydropyran core.

Figure 67: Optimized asymmetric conditions toward substituted pyrans.
The Borhan group reported two consecutive [4+2] cycloadditions to generate
hexahydro-2H-chromenes.76 The authors use a modified Morita-Baylis-Hillman reaction
to generate several oxatrienes, with moderate to high yields and high enantiomeric excess.
Two different quinidine derived catalysts were chosen to give R or S configurations of
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single chiral center (Figure 68). To demonstrate the utility of the method, the authors then
took the Morita-Baylis-Hillman product forward via Diels-Alder reaction with varying
dienophiles to generate multicyclic products with moderate yields and high diastereomeric
ratio.

Figure 68: Asymmetric reaction toward substituted oxatrienes.
Rainoldi et.al. presented a DABCO catalyzed [2+2] cycloaddition of isatin
ketimines with allenoates to generate 4-methyleneazetidines.77

The authors report

moderate to high yields with high diastereomeric ratio at the spirocyclic site (Figure 69).
The stereochemical outcome is attributed to γ-addition followed by nucleophilic attack
from the Ri face to give the product. The azetidine product was then subjected to three
post reaction modifications; loss of tert-butanesufinyl protecting group, m-CPBA
oxidation of the tert-butanesufinyl, and ozonolysis of the alkene ester to generate a βlactam.

Figure 69: Optimized conditions toward chiral spirooxindole-4-methyleneazetidines.
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The

Shi group reported a [4+2] cycloaddition of 3-acyl-1,4-enediones with

allenoates.78 The DABCO catalyzed reaction generated several examples of substituted
pyran rings win high yields (Figure 70). The exclusive pyran ring formation is attributed
to α-addition followed by a 1,3-hydrogen shift to generate the internal double bond.

Figure 70: Optimized conditions toward substituted pyrans.
Ni and Tong presented an asymmetric [3+3] annulation using a cinchona alkaloid
derivative.79 The β’-acetoxy allenoate was cyclized with 3-oxo-nitriles to generate a 4Hpyrans.

The β’-acetoxy off of the allenoate changes the dynamic of the

nucleophile/electrophile relationship because it can act as a leaving group. Upon attack of
the Lewis base, the acetyl group leaves generating a pro-electrophile, instead of the
traditional pro-nucleophile. The authors also designed the cinchona type catalyst not only
to act as the Lewis base; activating the allenoate, but to also act as the Bronsted base;
activating the 3-oxo-nitrile. Figure 72 walks though the mechanism, as well as the
proposed transition state. The authors report a strong substrate scope for both the allenoate
and the 3-oxo-nitrile, with high yields and high enantiomeric excess.

The authors

demonstrated the utility of the method by subjecting their optimized conditions to
pyrazolones to generate pyrano[2,3-c]pyrazoles.

The generated pyrazoles were then

subjected to post reaction modification to produce an anti-fungal scaffold.
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Figure 72: Mechanism of action and transition state for the reaction of β’-acetoxy
allenoates with 3-oxo-nitriles.
Yao and coworkers reported and intramolecular Rauhut-Currier reaction of
allenoates with cyclohexadienones.80 The enantioselective desymmetrization of the allenedienone was catalyzed by β-ICD gave several examples of the lactone product in high
yields and high enantiomeric excess (Figure 71 outlines the reaction conditions). The
authors then performed dynamic kinetic resolution studies to give highly chiral products in
high yields. This dynamic kinetic resolution process is novel due to the fact that the
racemic cyclohexadienone generated a parallel kinetic resolution process which the authors
plan to study further.

Figure 71: The intramolecular Rauhut-Currier reaction presented by Yao et.al.
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The Zhiming group reported a stereoselective route to (E)-β-aryloxyl and alkyloxyl
acrylates via a DABCO catalyzed reaction of alcohols with ethyl allenoate.81 Optimization
focused toward gaining the E isomer after initial reaction showed that the E isomer was
produced in a higher ratio (Figure 73). The authors reported a large substrate scope for
both aryl and alkyl acrylates with moderate to high yields.

Figure 73: Optimized conditions presented by the Zhiming group.
Chen and coworkers reported using dynamic kinetic resolution to generate benzylic
sulfones from 2-sulfonylalkyl phenols and allenoates.82 The authors method involved
generating a cinchonine-derived catalyst that helps to support an ortho-quinone methide
transition state (Figure 74). The authors were able to isolate and re-subject the proposed
ortho-quinone methide as a positive control for their proposed reaction pathway. The
method produces several enantioenriched products in high yields and in high enantiomeric
excess.

Figure 74: Optimized conditions for benzylic sulfones.
Takizawa et.al. report an asymmetric Rauhut-Currier reaction of allenic esters with
nitroalkenes.83 The β-ICD catalyzed reaction gave several products in moderate to high
yields with low to moderate enantiomeric excess (Figure 75 eq. 1). The authors were able
to generate a five membered cyclic N-hydroxyimidic acid ester (62% yield and 47%
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enantiomeric

excess)

in

a

one

pot

synthesis

using

both

β-ICD

and

methyldiphenylphosphine as catalysts (Figure 75 eq. 2).

Figure 75: Asymmetric Rauhut-Currier reaction of Nitroalkenes and a one-pot
synthesis toward N-hydroxyimidic acid ester.
The Huang group described a divergent DMAP and DABCO promoted [4+2]
cycloaddition of a sulfonic ketamine with allenic esters to generate hydropyridine
deriviatives in moderate to high yields.84 For the DABCO reaction, the allenoate adds from
the alpha position which generates the partially unsaturated 6-5-6 sulfone containing ring
structures (Figure 76). The reaction was also successfully carried out on a gram scale with
a yield of 62%.

Figure 76: DABCO promoted reaction toward 6-5-6 sulfone ring structures.
As a follow up to their previous work77, Silvani group reported an enantioselective
[2+2] cycloaddition of N-tert-butylsulfonyl imine with ethyl allenoate to generate
spirooxindole 4-methyleneazetidines.85 The β-ICD derived catalyst was used to generate
several examples of the spirooxindole product in high yields with moderate enantiomeric
ratios (Figure 77). The authors were able to determine absolute chemical configuration via
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comparison of optical rotation from a known reference compound. Three post reaction
modification were performed; oxidation of ester to carboxylic acid, ring expansion at the
spirooxindole site, and oxidative ring opening at the spirooxindole site.

Figure 77: [2+2] cycloaddition toward the formation of spirooxindole 4methyleneazetidines.
Xi and coworkers reported a tunable [4+2] cycloaddition of allenic esters with 2benzylidene-1H-indene-1,3(2H)-dione to generate 4H-pyrans and 3,4-dihydro-2Hpyrans.86 The DABCO promoted reaction was optimized towards the 4H-pyran product
by heating the reaction in DCM to reflux (Figure 78, eq. 1). Several examples of the 4Hpyran were isolated in moderate yields. Optimization toward the 3,4-dihydro-2H-pyran
product in chloroform at room temperature lead to several products in moderate to high
yields (Figure 78 eq. 2). Both reactions require benzoic acid in order to suppress DABCO
from acting as a Brønsted base under these conditions due to the labile proton on the 2benzylidene-1H-indene-1,3(2H)-dione.

Figure 78: DABCO promoted reactions toward pyrans.
46

1.3.2.3: Reactions of Allenoates with Pyridine Type Amines
Derivatives of pyridine are a powerful class of both Brønsted and Lewis bases.
Their role in Lewis base catalysts is not as fleshed out as that with quinuclidines
derivatives, though there are several examples in the literature.6 The following outlines the
reactions of allenic esters with electron deficient olefins using pyridine type catalysts.
As mentioned earlier, the Shi group reported a divergent aza- Morita-BaylisHillman using both DABCO and DMAP.46

Figure 79

eq. 1 outlines the [4+2]

cycloaddition observed when DMAP is the catalyst. The authors also showed that DMAP
will couple ethyl allenoate with a stable aliphatic N-tosylated imine with a yield of 20%
(Figure 79 eq. 2). Following this report the Shi group then went on to further explore Ntosyl aldimines.17 The authors were able to increase their reaction scope from their initial
report.

Figure 79: Aza- Morita-Baylis-Hillman using DMAP catalysts.
In conjunction with their reported aza- Morita-Baylis-Hillman reactions of N-tosyl
aldimines with allenic esters17 Zhao and Shi reported a DMAP catalyzed aza- MoritaBaylis-Hillman reaction between α’-substituted allenic esters with N-tosyl aldimines.16
The authors report a suitable substrate scope of the expected aza- Morita-Baylis-Hillman
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product in moderate to high yields (Figure 80). To expand upon the method the authors
also attempted their reaction with various benzaldehydes to give moderate yields.

Figure 80: Optimized conditions toward the aza- Morita-Baylis-Hillman product of Ntosyl aldimines.
In 2009, the Miller group reported an asymmetric aza-Morita-Baylis-Hillman
reaction of benzyl allenoate with N-acyl amines.87 The 3-pyridylalanine (Pal) derived
catalyst was able to produce product in 71% yield of a racemic mixture. Screening for a
catalyst with the highest enantiomeric ratio lead the authors to a tetrapeptide based upon
Pal being the active end of a Pro-Aib catalyst (Figure 81 for optimized conditions and
catalyst). The authors report moderate to high yields for their substrate scope with high
enantiomeric ratio. Running the reaction at cooler temperatures improved the enantiomeric
ratio. Upon a competition experiment the authors discovered that phenyl allenoate was a
more stable coupling partner giving the equivalent products in similar yields and
enantiomeric ratio in significantly less time.

Figure 81: Optimized conditions for the reaction for asymmetric aza-Morita-BaylisHillman reaction
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To follow up on the Pal-peptide coupling reaction, the Miller group presented their
mechanistic study for their aza-Morita-Baylis-Hillman reaction.88 The authors discuss that
the rate determining step is thought to be at the proton transfer step, before catalyst release,
when acrylate is used as the coupling partner. For allenic esters, the rate determining step
is theorized to occur at catalyst addition instead. This is supported by rate studies of
concentration of catalyst and starting materials as well as kinetic isotope effects of the
allenoate α-proton. The kinetic isotope effect revealed that there is little rate change
between hydrogen and deuterium when using the Pal-peptide catalysts or pyridine. This
information as well as well as the fact that the rate of reaction is dependent upon both
allenoate and catalyst, but not imine, concludes that the rate determining step is the catalyst
addition.
To cap off their work with the Pal-peptide catalyst, the Miller group explored
generating tetrasubstituted allenes via a Pal-peptide catalyzed addition of N-acylimines to
γ-amide-allenoates.89 Initial exploration into the formation of tetrasubstituted allenes
began with compound 1.201 with N-acylimines with catalyst 1.200 generated product in
moderate yield but low diastereomeric and enantiomeric ratios (Figure 82 eq. 1). Adding
an amide bridge at the γ-phenyl to act as a hydrogen bond donor/acceptor increased the
diastereomeric ratio of the product (compound 1.206). Following a catalyst screen and
subsequent optimization the authors were able to report several examples of a
tetrasubstituted allenes with moderate to high yields, moderate to high diastereomeric ratio

49

and high enantiomeric ratio (Figure 82 eq. 2). The authors perform several mechanistic
studies to account for the observed stereochemistry of the final product.

Figure 82: Conditions toward tetrasubstituted allenes.
In 2011, the Shi group compared the cyclization of phosphine and amine catalysts
using isatin derivatives.19 The phosphine catalysts gave the [3+2] cycloaddition product,
from both alpha and gamma addition. When DMAP was used as a catalyst, a unique [4+2]
cycloaddition was observed with good yield and high Z/E-isomeric ratio (Figure 83).
Substitutions on the benzene ring as well as protecting group of the isatin were well
tolerated in both high yields and isomeric ratio.

Figure 83: [4+2] cycloadditions of substituted isatins with DMAP.
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As mentioned above the Ma group described several organocatalyzed reactions of
allenic esters with cyclic ketimines.66 The authors report an aza- Morita-Baylis-Hillman
reaction of ethyl allenoate with activated cyclic ketimines using pyridine as the catalyst
(Figure 84). Several α,α’-allenoates are reported in high yields. As with DABCO, a
trifluoromethane moiety at the imine position is required in order for reaction to occur.

Figure 84: Aza- Morita-Baylis-Hillman reaction of ethyl allenoates with cyclic
ketamines.
In 2015, the Meng group used DMAP to catalyzed the reaction between isatin
derivatives and allenoates to generate Z/E isomers of dihydropyran rings.74

These

reactions, along with the DABCO catalyzed reactions discussed earlier, were high yielding
with an approximate 4:1 Z/E ratio. Figure 85 outlines the reaction tested. The change in
catalysts from DABCO and DMAP allows for only the dihydropyran product to be formed
giving the authors regioselectivity over the products.

Figure 85: DMAP catalyzed [4+2] cycloaddition of isatins with allenoates.
The Wang group described a [4+2] cycloaddition of allenic esters with Nacyldiazenes using DMAP as the catalyst.90 The authors method to 1,3,4-oxadiaine
derivatives used a benzyl group at the γ-position of ethyl allenoate, which is unique when
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amine catalysts are used (Figure 86). The authors report a significant substrate scope with
moderate to high yields. The only exception is electronegative groups on the phenyl rings,
which will not produce product.

Figure 86: Optimized conditions toward 1,3,4-oxadiaine.
Chang and coworkers described a DMAP catalyzed [4+2] cycloaddition of 1,3bis(sulfonyl)butadienes with γ-substituted allenoates.91 Initial optimization focused on the
formation of substituted benzenes by using 50% catalyst load and the addition of sodium
acetate. The authors report a moderate substrate scope with moderate to high yields (Figure
87). Due to the fact that the reaction is ran under basic conditions the benzannulation

Figure 87: Optimized conditions toward substituted benzenes.
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product is preferred after deprotonation of the initial [4+2] cycloaddition. The authors
isolated all of the key intermediates to support their mechanism (compounds 1.215 C and
1.215 F).
As mentioned earlier the Huang group reported a divergent hydropyridine
synthesis of cyclic ketamiens with allenoates using either DMAP or DABCO as catalysts.84
The DMAP catalyzed reaction generated the gamma addition [4+2] product with an exoring double bond with moderate to high yield (Figure 88). The authors were also able to
perform the reaction at a gram scale with 61% yield.

Figure 88: DMAP promoted reactions with cyclic ketamines with benzyl allenoate.
The Chandra group reported a vinylogous Rauhut-Currier reaction of allenic esters
with para-quinone methides.92 The DMAP catalyzed reaction generated several products
with high yields (Figure 89). The authors were able to perform a post reaction gold
catalyzed cyclization to generate a dihydronaphthol derivative with a high yield.

Figure 89: Rauhut-Currier reaction with ethyl allenoates and p-quinone methides.

53

1.3.2.4 Reactions of Allenoates with Other Nitrogen Catalysts/Bases
The bulk of research of Lewis base catallactic interaction with allenoates has
generally focused on quinuclidine and pyridine type catalysts. A small subsection of this
research has been dedicated to other amine containing compounds:

phase transfer

catalysts, N-heterocyclic carbenes etc. These types of catalysts offer unique insight into
the mechanism of action of allenic esters with electron deficient carbon centers.
In 2005 the Shi group presented a DBU catalyzed reaction of salicylic aldehydes
with methyl-α’-allenoates.93 The functionalized 2H-benzopyrans were synthesized in
moderate yields with a preference for anti-addition over syn-addition (Figure 90).

Figure 90: DBU catalyzed cycloaddition of salicylic aldehydes to generate
functionalized 2H-benzopyrans.
In 2008 Elsner et.al. reported the used of cinchonine derived chiral phase-transfer
catalysts that permitted α-vinylation of β-ketoesters under mild conditions.94

The

mechanism of action is not nucleophilic attack by the cinchonine catalyst at the β-carbon
of the allenoate but instead by the enolate form of the ketoester. After proton transfer, final
product is obtained in excellent yields and stereoselectivities. Figure 91 outlines the
authors general conditions.

Figure 91: Reaction conditions for the phase transfer α-vinylation of β-ketoesters.
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In 2010 the Rovis group published several reactions involving N-heterocyclic
carbenes and their reactivity with allenes and alkynes.95 The authors described a cascade
one-pot Michael/Stetter reaction with salicylic aldehyde to give benzofuranone products
(Figure 92).

Figure 92: NHC pathway towards benzofuranone products.
In 2013, Shi and Loh group reported a tetramethylethylenediame (TMEDA)
catalyzed reaction of allenic esters with N-4-methoxybenzensulfonyl-1-aza-1,3-diene to
generate functionalized pyridines.96 The [4+2] cycloaddition gave moderate to high yields,
with both small and bulky substituents being well tolerated (Figure 93). The authors also
demonstrated that a one-pot synthesis was possible though an insitu Wittig with N-4methoxybenzensulfonyl-1-aza-1,3-diene and 2.2 equivalents of TMEDA.

Figure 93: Insitu formation of functionalized pyridines.
The Maruoka group reported an asymmetric synthesis of tetrasubstituted allenes
using a phase transfer catalyst.97 The authors were able to generate two different types of
product through either an alleno-Mannich reaction or an alkylation. Each reaction required
a different phase transfer catalyst (Figure 95). The authors were happy to report several
examples with moderate to high yields and high enantioselectivity.
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Figure 95: Phase transfer catalyzed reactions toward tetrasubstituted allenes.
The Raven group described TBD catalyzed reaction of allenic esters with phenyl
trifluoromethyl ketones.98 The oxetan products were generated in high yields and were
moderately diastereoselective (Figure 94 for optimized conditions). The most unique
aspect of these reactions is that the authors specifically targeted γ-substituted allenes.
DABCO, and Lewis bases similar in structure, are not known to catalyzed reactions with
allenic esters if there is more than just a hydrogen at the γ-position.

Figure 94: Optimized conditions toward substituted oxetanes.
Perrulli et.al. reported a regioselective, fully substituted pyrroles using primary
amines, diazadienes and allenoates.99 The multicomponent reaction is thought to be
initiated by the amine attacking the double bond of the dazadiene followed by nucleophilic
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attack of the β-carbon of the allenic ester (Figure 96 for optimized conditions). Enaminecarbocyclization will afford product.

Adding zinc triflate will promote the loss of

hydrazide, giving another class of products. The authors report a modest substrate scope
with moderate yields.

Figure 96: Optimized conditions toward pyrrols via three-component reactions.
In 2017 the Wang group described the synthesis of 4-hydroxyhydrocoumarin vinyl
ethers via a DBU promoted Michael addition with allenic esters.33 The authors report a
moderate substrate scope with high yields (Figure 97). The proposed mechanism goes
through a deprotonation of 4-hydroxycoumarin which will then attack the β-carbon of the
allenoate. Proton transfer followed by re-protonation affords product. The authors hope
that this optimized method could be used in pharmaceutical synthesis.

Figure 97: Optimized conditions toward 4-hydroxyhydrocoumarine vinyl ethers.
Lopez et.al. reported an NHC catalyzed [2+2] cycloaddition of γ-substituted
allenoates with trifluoromethyl ketones to generate (E)-oxetane derivatives.100 The authors
report several examples in high yields with moderate selectivity towards the trans-(E)oxetane (Figure 98). The authors demonstrated that the trans product is the more viable by
subjecting the cis product to the reaction conditions with isomerization to the trans product
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occurring in 30 minutes. The authors demonstrated the utility of the method by performing
an epoxidation of the double bond and well as removing it.

Figure 98: Optimized reaction toward (E)-oxetane derivatives. The cis/trans ratio was
approximately 5:1.
1.4: Choosing the Coupling Partner—Electron Deficient Olefins and Divergent
Catalysts Activity
As can be surmised from the previous section, the choice of the electrophilic
coupling partner can change the outcome of the reaction. Indeed, several examples from
amine catalysts have shown that changing the location of the olefin compared to the
electron withdrawing group (as well as the pendant R groups) can cause several different
outcomes.
Changing the type of Lewis base will have a dramatic effect on the type of product
observed. For example, the Shi group reported divergent reactivity of phosphine Lewis
bases with that of amine Lewis bases (Figure 30).48 The differences in reactivity, in this
case, is primarily due to the fact that phosphines can form a stable ylide structure while
amines cannot. With location of the olefin and the type of catalyst used, it is possible to
predict the outcome of a reaction within a given system. Figure 57 and Figure 84
demonstrate how changing from DABCO to pyridine will dictate if the activated allenic
ester would cyclize or react in a typical aza-Morita-Baylis-Hillman fashion.
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Another example of how the Lewis base can change how an allenoate will couple
to an electrophilic partner was presented by Saunders and Miller.51 They discuss the
divergent

reactivity

of

methyldiphenylphosphine

from

DABCO

when

trifluoroacetophenone is coupled with benzyl allenoate. Figure 99 outlines the differences
[3+2] and [2+2] cycloadditions observed. Though both allenic esters add from the gamma
position, DABCO cannot hold an ylide therefore the oxide will attack the beta carbon,
generating the [2+2] cycloaddition product.

Figure 99: Divergent reactivity of phosphine and amine catalysts.
Previous work in the Cowen lab focused on generating quinolines through a
Skraup-Doebner-Von Miller process.101 Substituted quinolines are ubiquitous structures in
bioactive organic compounds and developing new methods to access these organic cores
generates significant research interest. The Skraup-Doebner-Von Miller process was
improved for substituted anilines using acrolein diethyl acetal in refluxing 1 N HCl. Figure
100 is a representative example of the optimized conditions.

Figure 100: Optimized conditions to 8-hydroxyquinoline through the improved
Skraup-Doebner-Von Miller Process.
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From this product type several attempts were made to add further complexity to the
quinoline structure. The known oxidation of 8-hydroxyquinoline to quinoline-5,8-dione is
a facile way to add a reactive double bond to the quinoline core structure (Figure 101).102
From quinoline-5,8-dione several attempts were made to generate sp3 carbon centers at
carbons 6 and 7 but none were successful. Through this work, we noticed that quinoline5,8-dione would be an interesting coupling partner for Lewis base catalyzed annulations
with allenic esters. To simplify the problem 1,4-naphthoquinone was chosen as the model
substrate.

Figure 101: PIFA oxidation of 8-hydroxyquinoline to quinoline-5,8-dione.
Past transformations of 1,4-quinones have focused on the compounds role in
Michael reactions, 1,3-dipolar reactions, and as dienophiles.103 Three recent publications
have highlighted the chemical diversity of 1,4-naphthoquinones.104–106 The Albrecht group
described an amino catalyzed annulation of 2-substituted-1,4-naphthoquinone with aryl
aldehyde to generate a naphthalene-1(4H)-one core structure (Figure 102).104 The authors
reported successful annulation of the target structure with yields up to 70%, diastereomeric
ratio’s >20:1 and 99:1 enantiomeric excess.

Figure 102: The reaction of 2-substituted-1,4-naphthoquinones with aryl aldehydes.
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In a follow-up report the Albrecht group described a [6+4] cycloaddition of 2substituted-1,4-naphthoquinones with 8,8-dicyanoheptafulvene.105 The DABCO catalyzed
reaction proceeded smoothly with DABCO as a Bronsted base catalyst to afford the desired
product with yields up to 75% and a diastereomeric ratio >20:1 (Figure 103). The authors
then attempted to perform an asymmetric reaction with various chiral quinine derivatives
with little success.

Figure 103: Optimized conditions of the [6+4] cycloaddition.
Sultan and coworkers presented a visible light mediated [2+2] cycloaddition of 1,4quinones with terminal alkynes.106

When their method was employed with 1,4-

naphthoquinone, a cycloaddition to generate a 6,6,4 ring system was observed (Figure
104). The authors were happy to report yields up to 90 % and that both aryl and alkyl
alkynes are well tolerated.

Figure 104: Visible light mediated [2+2] cycloaddition.
With these examples (plus several others in the literature)103 there are numerous
modes to access complexity with 1,4-quinones. To the best of our knowledge there has
been very little work in the way of Lewis base promoted reactions of allenoates with
naphthoquinones (see Figure 23).35 Optimization towards this coupling pair is exciting
because this would be the first demonstrated Lu type [3+2] cycloaddition with a 1,461

diketone olefin. The rest of this dissertation will focus on the attempted annulations of 1,4naphthoquiones with varying Lewis base promoted allenoates. Chapter 2 will disclose
several successful examples of [3+2] cycloadditions of allenoates with 1,4naphthoquinones. Chapter 3 discusses several attempts coupling 1,4-naphthoquinone with
allenoates using nitrogen-based catalysts. Chapter 4 goes through several successful
attempts with phosphine promoted reactions of γ-substituted allenoates with 1,4naphthoquinones.
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Chapter 2: Phosphine Catalyzed Cyclizations of Allenoates with 1,4Naphthoquinones
As outlined in chapter 1, there has been extensive research into Lewis base
catalyzed reaction of allenoates with varying electron deficient olefins. One area that was
unexplored is the use quinones as coupling partners for these types of reactions. Quinones
are an ideal substrate class because of availability and known bioactivity. 1,4naphthoquinone is also an interesting choice because it is the core structure of vitamin K.
1,4-diketone olefins have yet to be explored as coupling partners for Lu type [3+2]
cyclizations due to the fact that these olefins are sufficiently deactivated, making these
compounds less ideal as electrophiles. This chapter will cover optimization of reaction
conditions, followed by discussion of the successful cycloadditions.
2.1: Optimization of Reaction Conditions for 1,4-Naphthoquinone Cyclization with
Allenoates
With the purpose of exploring the effects of phosphine mediated reactions of
allenoates with 1,4-naphthoquinone, optimal conditions must be determined. The initial
reaction in dichloromethane with one equivalent of triphenylphosphine lead to annulation
in 30 minutes with 38 % yield (Table 1, entry 1). Thin layer chromatography suggested
the reaction was completed at 30 minutes with multiple products. NMR analysis after
purification showed that these products were the desired product, oxidized product, and an
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unknown solid (Figure 105). The unknown solid was determined to be an ylide107 from
the reaction of triphenylphosphine and 1,4-naphthoquinone (Figure 105, compound 2.5).

Figure 105: Products from initial annulation. R is a butyl moiety.
There were two important complications to note for this reaction:

The 1,4-

naphthoquinone and the triphenylphosphine are known to form an ylide (compound 2.5,
Figure 106).107 And product 2.3 will start to oxidize and break down to 2.4 due to increased
conjugation.

The first issue is easily combated by using the full equivalent of

triphenylphosphine. The second problem requires close monitoring by TLC and storing
the product in the freezer which slows oxidation. Taking the product all the way to the
oxidized form promotes loss of final product and less yield is obtained.

Figure 106: Pathway to product 2.5.
Several solvents were screened (Table 1, entries 1-5). Dichloromethane was
determined to be optimal. Less nucleophilic catalysts were also screened (Table 1, entries
6 and 7) as way to combat oxidation, but no viable product was obtained. By performing
the reaction under inert atmosphere more constant results were obtained (Table 1, entry
10). Shortening the reaction time helped to prevent redox chemistry from occurring and
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optimized for product 2.3 (Table 1, entry 11). The shorter time helps to prevent further
side reactions that could cause a loss in product.
Table 1: Optimization of Reaction Conditions

Entry
1
2
3
4
5
6

Solvent
CH2Cl2
TFT
Acetonitrile
THF
Methanol
CH2Cl2

Catalyst
Conditions
Yield
PPh3
In air, 30 minutes 38 %
PPh3
In air, 30 minutes No product
PPh3
In air, 30 minutes No Product
PPh3
In air, 30 minutes No Product
PPh3
In air, 30 minutes No Product
di-(2-furyl)-phenyl
In air, overnight
No product
phosphine
7
CH2Cl2
2-furyl-diphenyl
In air, overnight
Trace Yield
phosphine
8
CH2Cl2
PPh3 (10 mol%)
In air, overnight
No product
9
CH2Cl2
PPh3 (25 mol%)
In air, overnight
No product
10
CH2Cl2
PPh3 (1 eq)
N2, overnight
9%
11
CH2Cl2
PPh3 (1 eq)
N2, 4 hours
73 %
2.2: Reaction Scope of the Cyclization of 1,4-Naphthoquinone with Allenoates
With optimal reaction conditions in hand, expanding the scope of the reaction by
varying the R group of the allenoate has proven to be manageable (Table 2). The t-butyl
group failed to yield the desired product due to steric interactions, which suppresses the
[3+2] cycloaddition. This is supported by the fact that both isopropyl and sec-butyl showed
lower yield.

The lower yields with 2-chloroethyl and 4-bromobenzyl allenoate are

theorized to be due to the electrophilic nature of the halogen of the R group, augmenting
oligomerization of the allenoate. This is also seen with the phenyl group, which will self-
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polymerize before annulation can occur. These properties of the more reactive allenoates
are observed with broadening of the NMR signals.
Table 2: Substrate scope for allenoates

Entry
2.3a
2.3b
2.3c
2.3d
2.3e
2.3f
2.3g
2.3h
2.3i
2.3j
2.3k
2.3l

R group
Ethyl
2-chloroethyl
n-Propyl
Isopropyl
Allyl
n-Butyl
sec-Butyl
t-Butyl
Cyclohexyl
Phenyl
Benzyl
4-Bromobenzyl

Yield
60%
28%
73%
19.5%
48%
73%
16.4%
No Product
64%
No Product
92%
28%

Further demonstrating the utility of the method, the optimized conditions were
subjected to two natural products with the 1,4-naphthoquinone core structure with a
blocked 2-C site. Menadione (2-methyl-1,4-naphthoquinone) and lawsone (2-hydroxy1,4-naphthoquinone) were chosen as they are commercially available and open up
asymmetric chemistry (Figure 107). Initial annulation with 2-methyl-1,4- naphthoquinone
under the optimized conditions was sluggish taking approximately six weeks for annulation
to occur. By this time the allenoate has oligomerized and yield was very low. The reaction
was monitored closely by thin-layer chromatography for 72 hours, and weekly thereafter.
After four weeks the reaction was allowed to stir for two more weeks to determine if any
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product would form, at which time the reaction was purified with trace product and
oligomerized allenoate isolated.

Figure 107: Reactions with 1,4-naphthoquinone derivatives.
Switching to a more nucleophilic phosphine (triethylphosphine) the reaction with
2.1b was achieved in 18 hours and gave the desired product 2.6af in 44% yield. Only one
regioisomer was isolated and the product was isolated in its keto form (Figure 107).
Several examples of product 2.6a were generated; the results are outline in Table 3.
Table 3: Allenoate cyclization with 2-methyl-1,4-naphthoquinone

Entry
2.6ab
2.6ae
2.6af
2.6af
2.6ak
2.6al

R group
2-chloroethyl
Allyl
Butyl
Butyl (gram scale)
Benzyl
4-bromobenzyl

Yield
11 %
56 %
44 %
50 %
72 %
61 %
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2-hydroxy-1,4-naphthoquinone was also subjected to the optimized conditions with
annulation occurring after 72 hours (Figure 107). Two products were isolated after
purification, 2.6bf in 35% yield and an unknown polar regioisomer. Proton NMR of the
unknown product indicated that the triphenylphosphine was still present in the polar
fraction.

31

PNMR was used to determine if the product also contained triphenylphosphine

oxide that needed further purification to remove. The

31

PNMR gave a ppm value of 18

(triphenylphosphine has a shift of -5 ppm and triphenylphosphine oxide has a shift 25
ppm)108 indicating that the triphenylphosphine was incorporated into the product. After Xray crystallography analysis the second product of the reaction of 2-hydroxy-1,4naphthoquinone was determined to be a cyclopentadienyl ylide (Ramirez Ylide, Figure
108).

Figure 108: Left; Ramirez Ylide, Right: Crystal of isolated product 7j. Grey: carbon,
white: hydrogen, red: oxygen, purple: phosphorus.
2.2.1 Synthesis and Application of the Ramirez Ylide
The Ramirez ylide was first reported in 1956 by Ramirez and Levy.109 Their initial
investigation was into a stable ylide structure in order to probe the properties of these types
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of carbon-phosphine bonds (Figure 109). The authors characterized the ylide by melting
point, ultraviolet absorption and electric dipole moment. Ramirez and Levy note that the
ylide does not react under Wittig olefination conditions.110 The authors predict that the
cyclopentadiene ylide stability is due to the aromaticity of the ring.

Figure 109: Ramirez and Levy's pathway to a cyclopentadienyl ylide
There has been moderate interest in cyclopentadienyl ylides as cyclopentadiene
synthons111 or as ligands in organometallic chemistry.112 Higham and coworkers used the
cyclopentadienyl ylide to generate azulene from acetylenecarboxylate though a [2+2]
cycloaddition followed by a ring expansion.111 Though the reaction gave low yields, the
authors were pleased to report structure conformation with X-Ray crystallography (Figure
110).

Figure 110: Synthesis of azulene from cyclopentadienyl ylide.
The Kim group used an Morita-Baylis-Hillman reaction to generate Ramirez ylides
as possible ligands for organometallic chemistry.112 The ylides were prepared from αbromocinnamaldehyde that was subjected to an Morita-Baylis-Hillman reaction followed
by initial ylide formation. This ylide was cyclized via an intramolecular 1,6-Michael
addition to generate the Ramirez ylide in high yields (Figure 111). These examples
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presented here are excellent indicators on the formation and usefulness of Ramirez ylides
in modern organic synthesis.

Figure 111: Formation of Ramirez ylide through α-bromocinnamaldehyde.
2.2.2 Probing Cyclopentadienyl Ylide Formation
With the serendipitous discovery of the cyclopentadienyl ylide, probing the
mechanism of reaction became priority, as this can give insights into the main reaction
pathway. Table 4 outlines all of the conditions tested to determine the formation of the
cyclopentadienyl ylide. Entries 1,3, and 5 from Table 4 demonstrate that changing the
amount of phosphine catalyst can perturb the formation of product 2.6b and ylide
formation.

Methyldiphenylphopsphine is more nucleophilic than triphenylphosphine

therefore it was interesting to observe that only ylide was formed (Table 4 entry 3)
indicating that a more nucleophilic catalysts will trend toward just ylide formation.
Changing from 2-hydroxy-1,4-napthoquinone to either 2-chloro- or 2-acetyl-1,4naphthoqinone (Table 4, entry 4) implies that the group at the 2 position leaves early in the
mechanism as only ylide product is observed.
Table 4: Conditions probed for Ramirez ylide.
Entry Conditions
Results
1
2 equivalence of triphenylphosphine
Only ylide product observed
2
0.5 equivalence of triphenylphosphine
Product 8 and 6b
3
Using methyldiphenylphosphine
Only ylide product is observed
4
Using 2-chloro or 2-acetyl-1,4Only ylide product is observed
naphthoquinone
5
0.2 equivalence of triphenylphosphine
Product 8 and 6b
70

Based upon the observations outlined in Table 4 it is clear that the formation of the
cyclopentadienyl ylide is divergent from the main product pathway. Zhou et.al. in 2018
suggests that an activated allenic ester can deprotonate the hydroxyl group from a 3
substituted 2-hydroxy-1,4-naphthoquinone, this is followed by attack from the 3 position
of the naphthoquinone.35 This umpolung pathway is supported by a 1,2-diketone from the
deprotonated alcohol; which results in a [3+2] cyclization (see Figure 23 for optimized
conditions).
Excited by the results of a Lu type cyclization of 3-substituted 2-hydroxy-1,4napthoquinone with 20 mol% of phosphine catalyst35, the next step was to see if a
cyclopentadienyl ylide would still be formed with such a small amount of catalyst
available. Figure 112 outlines the conditions tested. Ethyl allenoate was chosen as the
model substrate for testing the cyclization of 2-hydroxy-1,4-naphthoquinone with 20 mol%
to simplify 1H NMR interpretation.

Figure 112: Product formation with 20 mol% PPh3 with 2-hydroxy-1,4naphthoquinone.
Analysis of the crude product did not show formation of the cyclopentadienyl ylide,
but instead what appears to be precursor product 2.8. Product 2.8 is hypothesized to be
generated via the pathway presented Figure 113. The predicted mechanism follows a
typical Lu type [3+2] pathway until intermediate 2.8C where instead of loss of phosphine,

71

hydroxide is lost. The hydroxide will then deprotonate the cyclopentene intermediate 2.8D,
which will then allow for the release of phosphine, tautomerization affords product 2.8.

Figure 113: Proposed pathway to product 2.8.
Products 2.6ba and 2.8 were then subjected to one equivalent of triphenylphosphine
for four days to help determine which pathway the Ramirez ylide could be forming from.
Product 2.6ba gave no reaction with only starting material being recovered (Figure 114,
eq. 1). Compound 2.8, conversely, gave the Ramirez ylide in 42% yield (Figure 114 eq.
2). This also supports that the Ramirez ylide comes from an alternative pathway.

Figure 114: Determination of Ramirez ylide pathway.
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2.3 Post Reaction Modifications
A major goal in synthetic organic chemistry is to generate compounds with several
reactive handels that can then be subjected to different reaction in order to build diverse
chemical libraries from a single starting material. After completing several sucessful [3+2]
cycloadditions, compounds 2.6ab and 2.6ae were subjected to post reaction modifications,
with the goal of generating more diverse products. Both of these products were chosen
because there are several known reactions that can react with terminal halogens or terminal
alkenes. Compound 2.6ab was subjected to radical cyclization conditions to generate a 66-5-6 ring system in 44 % yield (Figure 115).113

Figure 115: Post reaction transformation of compound 2.6ab.
After several attempts using cross-metathesis, and other known reactions of alkene
chemistry, compound 2.6ae was subjected to bromination to generate a more reactive
handle.

Product 2.6am was isolated after 20 minutes in 50% yield (Figure 116).

Compound 2.6am was then subjected to three different Barbier/Grignard reactions; Zn,
Mg, and SmI2.

Figure 116: Bromination to generate product 2.6am.
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When subjected under traditional Barbier conditions compound 2.6am eliminates
bromine to generate product 2.6ae (Figure 117 eq.1). Under Grignard conditions, there is
no reaction and only starting material is recovered (Figure 117 eq. 2). When 2.6am is
subjected to traditional SmI2 conditions no reaction occurred and the starting material is
destroyed (Figure 117 eq. 3).

Figure 117: Attempted Barbier/Grignard reactions.
In the 2002 report from Molander and St. Jean, α, β-unsaturated lactones were
subjected to reductive conditions of SmI2 with catalytic amounts of NiI2.114 According to
the authors the catalytic NiI2 The authors report that depending on the size of the aliphatic
chain, there were three possible outcomes; radical conjugate addition to generate
cyclopentane ring, removal of the halogen, or a hemiacetal product (Figure 118).
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Figure 118: Optimized conditions to cyclopentane product presented by Molander.
Since product 2.6am was similar in structure it was subjected to the optimized
conditions presented by Molander. After two hours at 0 °C a single product was obtained
in quantitative yield (Figure 119). The product isolated demonstrates different chemistry
than what was observed by Molander. With a similar chain length, the expected result
would be the formation of a 6,6,5,5 ring system, instead a lactol product is formed.

Figure 119: Formation of hemiacetal product 2.10
2.4 Conclusions
In summary, several examples of the [3+2] cycloaddition product of 1,4naphthoquinone with varying allenic esters to generate an aromatic 6,6,5 ring system. The
method was expanded to include 2-methyl-1,4-naphthoquinone and 2-hydroxy-1,475

naphthoquinone. The 2-methyl-1,4-naphthoquinone generated the single regioisomer
cycloaddition product in moderate yields. 2-hydroxy-1,4-naphthoquinone generated the
analogues product in 35% yield along with a cyclopentadiene ylide. The formation of the
ylide was explored and was determined to be a product of an oxidative addition of
phosphine. To demonstrate the utility of the method, two post cyclization modifications
were performed. The first was a radical cyclization to generate a 6,6,5,6 ring system in
moderate yields. The second was a SmI2 promoted Barbier reaction to afford a pendant
hemiacetal.
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Chapter 3: Amine Catalyzed Cyclizations of Allenoates with 1,4-Naphthoquinones
After the success of the phosphine catalyzed reactions, the next logical step is to
determine what products can be obtained through amine catalysis. As outlined in section
1.3.2, amine Lewis bases generate significantly different products then their phosphine
counterparts. Of the reaction types observed from amine the most prevalent are MoritaBaylis-Hillman, [2+2], and [4+2] cycloadditions. Each type of product produced is
dependent on the location of the electron-deficient olefin relative to the other functional
groups present.
3.1 Optimization of Reaction Conditions of 1,4-Napthoquine with Allenoates
The initial investigation of amine catalyzed reactions of 1,4-naphthoquinone and
ethyl allenoate started with DABCO as the model catalyst. After 4 hours in THF at room
temperature, no product was detected via TLC. The reaction was allowed to continue for
72 hours in which solvent was removed and the crude residue was purified by flash column
chromatography. Proton NMR analysis was inconclusive toward an identifiable product.
From here several reaction conditions were tested to see if any product could be formed
using an amine catalyst. Table 5 outlines the conditions tested.
The results from Table 5 were not promising for 1,4-naphthoquinone being a viable
partner for amine catalyzed reactions with allenic esters. As can be surmised from the
results from the reactions with phosphine catalysts; 1,4-naphthoquinone is not very
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electrophilic. This lack of electrophilicity does not facilitate nucleophilic attack by the
activated allenoate as readily and therefore oligomerization occurs before a product can be
formed with 1,4-napthoquinone.
Table 5: Conditions tested for amine catalyzed reactions.

3.1

3.2a

Entry Catalyst (20 mol%)
1
DABCO

Solvent
THF

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

TFT
TFT
TFT
TFT
TFT
DCM
DCM
DCM
THF
CHCl3
CHCl3
CHCl3
CHCl3
ACN
Tol

Pyridine
4-Ethylpyridine
4-Methoxypyridine
4-Aminopyridine
DMAP
4-Ethylpyridine
4-Methoxypyridine
DMAP
DMAP
DMAP
DMAP
DMAP
4-Methoxypyridine
DMAP
DMAP

Temp. Product Formed
R.T.
Naphthalene-1,4-diyl
dipropanoate
R.T.
No Product
R.T.
No Product
R.T.
Trace product formation
R.T.
Extensive oligermization
R.T.
Some product formed, unclear
R.T.
No Product
R.T.
No Product
R.T.
No Product
R.T.
No Product
R.T.
Some product formed, unclear
40 °C Some product formed, unclear
60 °C Extensive oligermization
R.T.
Trace product formation
R.T.
No product
R.T.
Trace product

The 2004 paper from Lee and Lee demonstrated the success of using
dihalogenated-1,4-napthoquinones as amine catalyzed Morita-Baylis-Hillman partners
with methyl vinyl ketone, methyl acrylate, and acrolein.39 Their reactions required excess
DABCO catalyst as well as a significantly longer reaction time; three to seven days. With
this information the model substrate was updated to 2,3-dichloro-1,4-naphthoquinone and
78

the conditions were changed to 1 equivalent of DABCO over seven days. The results of
this reaction were inconclusive as there was a possible product that was overcome by
oligomerized allenoate.
In a final attempt to generate some sort of product, 2,3-dichloro-1,4naphthoquinone was reacted with phenyl allenoate using one equivalent of DABCO. TLC
analysis shows two possible products though after 7 days starting material is still present.
Future work for this project will switch focus away from allenic esters and toward
allenic ketones. The advantage of allenic ketones is that they are more reactive with the
Lewis bases then their ester counterparts and would be a more ideal substrate class for the
less electrophilic 1,4-naphthoqinones.

To improve electrophilicity of the 1,4-

naphthoquinones, using quinoline-5,8-dione and other electrophilic substituents on the
aromatic ring could yield better results.
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Chapter 4: Reactions of Gamma Substituted Allenoates with 2-Substituted 1,4Naphthoquinones
After successful phosphine mediated annulations of allenoates with 1,4naphthoquinones attention was then turn toward reacting γ-substituted allenoates with 1,4naphthoquinones.

Substitutions of allenoates at the gamma position offer a unique

opportunity to add stereochemical complexity to the 1,4-naphthoquinone moiety.
4.1 Optimization of Reaction Conditions of 2-Methyl-1,4-Naphthoquinone with
Methyl Penta-2,3-dienoate
To probe the reactivity of γ-allenoates with 1,4-naphthoquinone, butyl-penta-2,3dienoate was subjected to the optimized conditions presented in Chapter 2. This initial
reaction oxidized within several minutes and no product was obtained. Several reaction
conditions were then tested (see Table 6) with promising results.
Table 6: Conditions tested for substituted allenoates with 1,4-naphthoquinone.

4.1a

Entry
1
2
3

Catalyst (1 equiv.)
Triphenylphosphine
Triphenylphosphine
Triphenylphosphine

4.2f

Solvent
CH2Cl2
THF
PhMe
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Temp.
R.T.
R.T.
R.T.

Product Formed
Formal Cycloadduct
No Product
No Product

4
5
6

Triphenylphosphine
TFT
R.T.
No Product
Methyldiphenylphosphine
CH2Cl2 R.T.
No Product
Triphenylphosphine
CHCl3 R.T.
Formal Cycloadduct
1
From H NMR analysis it is clear that the cycloadduct product is formed during the

reaction when dichloromethane or chloroform is used as solvent, though mixtures of
products are present. The predicted structures of the isolated products are shown in Figure
120. The product mixtures are inseparable making full analysis difficult. The other issue
with this optimization is the fact that the competing ylide formation happens faster than the
cycloaddition and a significant portion of 1,4-naphthoquinone is removed from reaction
before cycloaddition can occur.

4.3

4.4

Figure 120: Predicted products of substituted allenoates with 1,4-naphthoquinone.
After several attempts using 1,4-naphthoquinone to generate consistent results, the
optimization

was

changed

from

using

1,4-naphthoquinone

to

2-methyl-1,4-

naphthoquinone. 2-methyl-1,4-naphthoquinone, though less electrophilic, will not form an
ylide with phosphine and less prone to redox chemistry. The allenoate was also changed
to methyl-penta-2,3-dienoate to simplify NMR interpretation.

Table 7 outlines the

conditions tested.
Of the three products isolated from Table 7 entry 6 only one was distinct; the other
two eluted together, were minor, and could not be separated. These conditions were
repeated for isopropyl-penta-2,3-dienoate and t-butyl-penta-2,3-dienoate.
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Isopropyl-

penta-2,3-dienoate gave a similar isolatable product as the methyl counterpart. T-butylpenta-2,3-butadienoate did not give any product.
Table 7: Optimization for the reaction of 2-methyl-1,4-naphthoquinone with methylpenta-2,3-dienoate.

4.1b

4.2a

Entry Catalyst (1 equiv.)
Solvent Temp.
1
Triphenylphosphine
DCM
R.T.
2
Triphenylphosphine
THF
R.T.
3
Triphenylphosphine
Tol
R.T.
4
Triphenylphosphine
TFT
R.T.
5
Methyldiphenylphosphine
DCM
R.T.
6
triphenylphosphine
CHCl3 R.T.
4.2 Possible Identification of Cycloaddition Product

Product Formed
Several products
Several products
Several products
Several products
No Product
Three products

The possible identification of the isolated product from the annulation of 2-methyl1,4-napththoquinone with methyl-penta-2,3-dienoate was determined via 1H NMR,

13

C

NMR and COSY analysis (1H NMR spectra presented in Figure 122). From the NMR
analysis it is immediately apparent that there are excess aromatic signals compared to the
starting material. There is also evidence of coupling of the allenoate due to the fact that
there is the methyl ester as well as a free ethyl group. From this information it is possible
that the dominate reaction was a [2+2] cycloaddition and the excess signals in the NMR
are from diastereomers from the cyclobutene ring (Figure 121).
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Figure 122: 1HNMR of isolated product of Table 7 entry 6.
Further exploration of this method will focus final product identification. With the
excess aromatic signals, the proposed identity of the product presented in Figure 121 could
be incorrect, as there could also be a dimer of some kind present where the cyclobutene
rings are interacting with each other. Once a conclusive structure of the product is
confirmed, using catalytic amounts of phosphine followed by asymmetric catalysis to
generate a single diastereomer will be the goal.

4.5

Figure 121: Possible product of the cycloaddition of 2-methyl-1,4-napththoquinone
with methyl-penta-2,3-dienoate.
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Chapter 5: Conclusions and Future Work
The development of complex small molecules using 1,4-naphthoquinone has been
the significant goal of this project. Current research has been focused on cyclizing 1,4naphthoquinone with varying allenoate substituents using triphenylphosphine as the Lewis
base. This method has proven successful with yields between 20% and 92% for 10
different allenic esters.

To expand on the utility of the method 2-methyl-1,4-

naphthoquionone and 2-hydroxy-1,4-napthoquinone were explored with yields around 45
% for the former and the latter producing two products. 2-hydroxy-1,4-naphthoquinone
gives the target product with yields around 35%, and a Ramirez ylide derivative with yields
around 25%. Future work in this area would be to include further probing into the Ramirez
ylide, as well as expanding toward 1,4-benzoquinone and derivatives thereof.
The method was expanded to include amine promoted reactions of 1,4naphthoquinones with allenoates. Several reaction conditions were attempted with mildly
promising results. Future work will focus on allenic ketones as a more ideal coupling
partner.
Phosphine promoted reactions were also attempted with γ-substituted allenoates
using 2-methyl-1,4-naphthoquinone as a coupling partner with extremely promising results
toward a single product. Future work will focus on final identification of the product and
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then chiral phosphines will be employed to probe their potential to promote
enantioselective reactions.
These reactions, though centered in scope, demonstrate the far-reaching utility of
Lu type [3+2] cycloadditions. The examples from Chapter 1 were chosen as a way the
method has moved forward; how chemists have taken advantage of the phosphine
chemistry with allenic esters to generate new products and pathways. The work presented
in Chapter 3 demonstrates that there are still more olefins that can be subjected to Lu type
cycloadditions. Much of the recent work has focused on the ways the 1,3-dipole can be
manipulated to perform the type of chemistry the researchers have in mind. Taking back
the discussion to the unexplored set of olefins has allowed for interesting expansion into
double bonds that are not as electron-deficient.
The inclusion of amine Lewis bases into the story of allenoates has opened the door
to exciting new compounds that were not generally accessed using phosphine Lewis bases.
Due to the fact the activated 1,3-diple structure of the allenic ester with an amine cannot
hold an ylide after addition, Morita-Baylis-Hillman type reactions are accessed more often.
Taking advantage of this information, reactions can be designed to fit a target product.
Chapter 1 goes into detail with how each target product was synthesized by building on the
information from previously published work.
There is an abundance of information that can still be discovered about the Lewis
base promoted 1,3-dipole of allenes, I am hopeful that this small contribution to the story
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of Lewis base catalysis can help to spur further exploration into olefins that are not
traditionally considered electron deficient.
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Appendix A: Materials and Methods
All starting materials were purchased from commercially available sources.
Tetrahydrofuran and dichloromethane were purified prior to use by Innovative Technology
Pur Sol system. NMR spectra were acquired on a Bruker 500 MHz NMR. Proton spectra
were acquired at 500 MHz. Carbon spectra were acquired at 126 MHz. Phosphine spectra
were acquired at 202 MHz. Infrared spectra were acquired on a Thermo Scientific IR. A
benzophenone sample gave a carbonyl stretch at 1655 cm-1. X-Ray structures were
obtained with a Bruker APEX II instrument.

Products were purified by column

chromatography on silica gel using a Teledyne Isco CombiFlash Rf 200 or by manual
column chromatography.
General Procedure for the formation of Allenoates1,2,3,4,5

In a 100-mL round bottom flask equipped with a stir bar, alcohol (1 equiv.) was
added to dichloromethane (3 M) and pyridine (1 equiv.). The solution was cooled in an ice
bath and bromo acetyl bromide (5 g, 24.8 mmol) was added dropwise. The solution was
brought to room temperature and allowed to stir overnight. The pyridine salts were
removed using 1 N hydrochloric acid. The organic layer was washed with saturated sodium
bicarbonate and brine and dried with sodium sulfate. The solvent was removed via rotary
evaporation using an ice bath to afford the bromo ester product with no further purification.
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In a 250-mL flask, the prepared bomo ester was added to toluene (0.3 M) followed
by triphenylphosphine (1 equiv.). The solution was allowed to stir overnight, and the
solvent was removed by vacuum filtration. The solids were dissolved in water (1 M) and
6 M NaOH (10 equiv.). The aqueous solution was allowed to stir for two hours until an
insoluble paste formed on the stir bar.

The aqueous solution was extracted with

dichloromethane (3 X 20 mL) and the organic layer was washed with brine and dried with
sodium sulfate. The solvent was removed via rotary evaporation to afford the ylide.

In a 100-mL round bottom flask equipped with a magnetic stir bar the prepared ylide
was dissolved in dichloromethane (0.3 M). Triethylamine was added (1.2 equiv.) and the
solution was cooled in an ice bath. Acetyl chloride (1.2 equiv.) was added dropwise and
the solution was allowed to come to room temperature overnight. Half of the solvent was
removed by rotary evaporation and the solution was diluted with cold diethyl ether. The
solution was then filtered through a Celite plug followed by flash column chromatography
(dichloromethane). Solvent was removed by rotary evaporation to afford product.
1.
2.
3.
4.
5.

Lang, R. W.; Hansen, H.-J. Org. Synth. 1984, 62, 202; modified to fit equipment available.
Identification data for propyl, phenyl, allyl, t-butyl: Bang, J. et.al., Org. Lett. 2015, 17, 1573−1576
Identification data for isopropyl, n-butyl, benzyl,: Yu, X., and Lu, X., Org. Lett., 2009, 11, 4366-4369
Identification data for cyclohexyl: Fleury-Bregeot, N. et.al., Tetrahedron, 63, 2007, 11920-11927
Identification data for bromo-benzyl: Shintani, R. et.al., Angew. Chem. Int. Ed. 2015, 54, 1616 –162
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Synthesis of (furan-2-yl)(diphenyl)phosphane1

To a 100 mL round bottom flask equipped with a stir bar, furan (1.2 equiv.) was
added and the flask was evacuated of air and filled with nitrogen. Tetrahydrofuran (0.25
M) was added and the solution was cooled to -78 °C. n-Butyllithium (1.2 equiv.) was
added. The solution was allowed to stir at 0 °C for 1 hour.
Chlorodiphenylphosphane was then added (4 mmol) and the solution was stirred at
room temperature for 2 hours. The solution was then brought to 50 °C for 3 hours. The
reaction was then removed from heat and then quenched with saturated ammonium
chloride. The aqueous layer was extracted with diethyl ether and the organic layer was
washed with brine and dried with sodium sulfate. The crude product was purified via
column chromatography (10:1 hexane/ethyl acetate over silica gel). Yield: 43% 1H NMR
(500 MHz, CHLOROFORM-d) δ ppm 6.42 (dt, J=3.21, 1.60 Hz, 1 H) 6.69 (dd, J=2.98,
1.60 Hz, 1 H) 7.33 (m, J=2.98, 1.14 Hz, 1 H) 7.39 (m, J=2.75 Hz, 1 H) 7.67 (d, J=1.83 Hz,
1 H).
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Synthesis of di(furan-2-yl)(phenyl)phosphane2

To a 100 mL round bottom flask equipped with a stir bar, furan (2.2 equiv.) was added
and the flask was evacuated of air and filled with nitrogen. Tetrahydrofuran (0.25 M) was
added and the solution was cooled to -78 °C. n-butyllithium (2.2 equiv.) was added. The
solution was allowed to stir at 0 °C for 1 hour.
Dichlorophenylphosphane was then added (4 mmol) and the solution was stirred at
room temperature overnight. The reaction was then quenched with saturated ammonium
chloride. The aqueous layer was extracted with ethyl acetate and the organic layer was
washed with brine and dried with sodium sulfate. The crude product was purified via
column chromatography (10:1 hexane/ethyl acetate over silica gel). Yield: 24% 1H NMR
(500 MHz, CHLOROFORM-d) δ ppm 6.42 - 6.44 (m, 2 H) 6.76 - 6.79 (m, 2 H) 7.32 (d,
J=3.21 Hz, 3 H) 7.37 - 7.43 (m, 3 H) 7.67 (s, 2 H).
1.
2.

F. Mongin et.al. Tetrahedron Letters 46 (2005) 7989–7992
G. Markl et.al. Tetrahedron 58 (2002) 2551-2567
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General Procedure for the synthesis of 4,9-dihydroxy-1H-cyclopenta[b]naphthalene3-carboxylates

In a 10 ml round bottom flask equipped with a magnetic stir bar, triphenylphosphine
(1 equiv.) was added and the flask was evacuated of atmosphere and replaced with nitrogen.
Dichloromethane (0.1 M) was added and the triphenylphosphine was dissolved by stirring.
In a 50 mL side arm flask equipped with a magnetic stir bar, allenoate (2 equiv.) and 1,4naphthoquinone (0.25 mmol) was added. The flask was placed in a dry ice-acetone bath
and the flask was evacuated of atmosphere and replaced with nitrogen.

The

triphenylphosphine mixture was added to the side arm flask and the solution was allowed
to stir at room temperature until 1,4-naphthoquinone was no longer present. Reaction
progress was monitored by thin layer chromatography (10:1 hexanes: ethyl acetate).
Solvent was evaporated and the crude product was purified with flash chromatography
(10:1 hexanes: ethyl acetate on silica gel).
Ethyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3a)

Yellow Brown Solid, Yield: 60%, RF: 0.12 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.15 – 8.09 (m, 2H), 7.55 (s, 1H), 7.50 – 7.45 (m, 2H),
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6.88 (t, J = 4.3 Hz, 1H), 4.92 (d, J = 4.3 Hz, 2H), 4.34 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1
Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.19, 145.55, 144.09, 134.29, 132.21, 132.13,
130.67, 127.93, 126.09, 125.15, 122.06, 121.85, 114.41, 105.73, 64.81, 25.55. IR (neat,
cm-1): 3362.0, 3072.5, 2981.1, 2935.4, 1684.4, 1595.2, 1407.0, 1255.2, 1168.9, 1074.8,
764.2 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C16H14O4) 271.0970, found 271.0964.
2-Chloroethyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3b)

Brown solid, Yield: 28%, RF: 0.09 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR (500
MHz, Chloroform-d) δ 8.12 (dp, J = 7.3, 2.6 Hz, 2H), 7.51 (s, 1H), 7.48 (ddd, J = 9.2, 6.1,
1.9 Hz, 2H), 6.97 (t, J = 4.3 Hz, 1H), 4.94 (d, J = 4.3 Hz, 2H), 4.52 (dd, J = 6.3, 4.8 Hz,
2H), 3.83 – 3.78 (m, 2H).

13C

NMR (126 MHz, CDCl3) δ 164.56, 145.45, 144.21, 131.84,

127.28, 126.35, 126.22, 125.18, 121.82, 114.05, 105.64, 64.82, 64.57, 41.74. IR (neat, cm1

): 3399.4, 2924.4, 1720.3, 1594.3, 1405.6, 1239.2, 1129.3, 760.2 HRMS (ESI+) (m/z):

Calc. for [M-Li]+ (C16H13ClO4) 311.0663, found 311.0597.
Propyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3c)
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Yellow brown solid, Yield: 73%, RF: 0.06 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.12 (dp, J = 7.3, 2.5 Hz, 2H), 7.53 (s, 1H), 7.50 – 7.46
(m, 2H), 6.88 (t, J = 4.3 Hz, 1H), 4.93 (d, J = 4.3 Hz, 2H), 4.24 (t, J = 6.7 Hz, 2H), 1.82 –
1.73 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 165.16, 145.40,

144.19, 130.57, 127.93, 126.12, 125.16, 121.79, 114.41, 105.78, 66.68, 64.82, 29.71,
28.39, 22.03, 14.21, 10.56. IR (neat, cm-1): 3370.6, 3071.1, 2984.2, 2878.0, 1677.8,
1596.5, 1407.6, 1235.8, 1075.2, 765.0 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C17H16O4)
285.1127, found 285.1029.
Propan-2-yl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3d)

Yellow brown solid, Yield: 19%, RF: 0.10 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.14 – 8.09 (m, 3H), 7.55 (d, J = 1.7 Hz, 1H), 7.47 (ddd,
J = 7.3, 3.2, 1.8 Hz, 2H), 6.85 (t, J = 4.3 Hz, 1H), 5.74 (s, 1H), 5.21 (hept, J = 6.3 Hz, 1H),
4.92 (d, J = 4.3 Hz, 3H), 1.36 (d, J = 6.3 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 164.71,
145.48, 144.11, 130.36, 128.25, 126.16, 125.15, 121.83, 114.50, 105.75, 68.70, 64.82,
53.44, 21.07. IR (neat, cm-1): 3404.0, 2981.1, 2924.7, 2852.7, 1713.8, 1662.7, 1595.1,
1373.9, 1253.1, 1179.0, 1100.8, 764.8 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C17H16O4)
285.1127, found 285.1024
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Prop-2-en-1-yl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3e)

Yellow brown solid, Yield: 48%, RF: 0.09 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.16 – 8.09 (m, 2H), 7.53 (s, 1H), 7.49 – 7.45 (m, 2H),
6.91 (t, J = 4.3 Hz, 1H), 6.24 (s, 1H), 6.08 – 5.96 (m, 1H), 5.44 – 5.26 (m, 2H), 4.92 (d, J
= 4.3 Hz, 2H), 4.77 (dt, J = 5.7, 1.5 Hz, 2H).

13C

NMR (126 MHz, CDCl3) δ 164.67,

145.77, 143.98, 131.93, 131.02, 127.74, 126.16, 126.09, 125.29, 125.14, 118.68, 114.37,
105.65, 65.65, 64.79. IR (neat, cm-1): 3400.4, 3066.6, 2921.3, 2849.6, 1718.2, 1665.1,
1595.0, 1405.7, 1251.3, 1072.3, 764.8 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C17H14O4)
283.0970, found 283.2971.
Butyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3f)

Yellow solid, Yield: 73%, RF: 0.11 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.14 – 8.10 (m, 2H), 7.54 (s, 1H), 7.50 – 7.45 (m, 2H), 6.88
(t, J = 4.3 Hz, 1H), 5.68 (s, 1H), 4.93 (d, J = 4.3 Hz, 2H), 4.28 (t, J = 6.7 Hz, 2H), 1.77 –
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1.70 (m, 2H), 1.51 – 1.43 (m, 3H), 0.98 (t, J = 7.4 Hz, 3H).

13C

NMR (126 MHz, CDCl3)

δ 165.16, 145.48, 144.14, 130.55, 127.95, 126.20, 125.16, 121.82, 114.44, 105.75, 53.43,
50.90, 30.69, 25.62, 13.76. IR (neat, cm-1): 3368.3, 3071.0, 2960.2, 2930.1, 2874.4,
1716.9, 1634.3, 1407.7, 1252.9, 1075.5, 765.8 HRMS (ESI+) (m/z): Calc. for [M-Na]+
(C18H18O4) 321.1103, found 321.1097.
Butan-2-yl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3g)

Red brown solid, Yield: 16%, RF: 0.11 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.14 – 8.09 (m, 2H), 7.57 (s, 1H), 7.49 – 7.43 (m, 3H), 6.86
(t, J = 4.3 Hz, 1H), 5.76 (s, 1H), 5.06 (h, J = 6.3 Hz, 1H), 4.92 (d, J = 4.3 Hz, 2H), 1.78 –
1.69 (m, 2H), 1.33 (d, J = 6.3 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H).

13C

NMR (126 MHz,

CDCl3) δ 164.92, 145.52, 144.11, 130.32, 128.24, 126.16, 126.09, 125.16, 122.06, 121.86,
114.54, 105.73, 73.26, 64.82, 28.89, 19.48, 9.79. IR (neat, cm-1): 3393.3, 2917.2, 2849.1,
1714.5, 1650.9, 1614.9, 1587.6, 1436.2, 1231.7, 1108.4, 995.0, 719.4, HRMS (ESI+)
(m/z): Calc. for [M-Na]+ (C18H18O4) 321.1103, found 321.1676.
Cyclohexyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3i)
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Yellow brown solid, Yield: 64%, RF: 0.16 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.15 – 8.10 (m, 2H), 7.57 (s, 1H), 7.50 – 7.45 (m, 2H),
6.87 (t, J = 4.3 Hz, 1H), 5.70 (s, 1H), 4.99 (tt, J = 8.8, 3.8 Hz, 1H), 4.92 (d, J = 4.3 Hz,
2H), 1.99 – 1.92 (m, 2H), 1.82 – 1.73 (m, 2H), 1.56 (dtd, J = 12.9, 10.0, 9.5, 3.4 Hz, 3H),
0.86 – 0.83 (m, 1H).

13C

NMR (126 MHz, CDCl3) δ 164.63, 145.46, 144.13, 130.38,

128.31, 126.16, 125.14, 121.82, 114.54, 105.80, 73.51, 64.84, 60.45, 53.43, 34.68, 31.60,
29.07, 25.40, 23.71, 22.66, 14.12, 11.43. IR (neat, cm-1): 3388.7, 3067.4, 2921.2, 2858.9,
1679.1, 1594.6, 1406.8, 1251.2, 1199.4, 1009.5, 763.5 HRMS (ESI+) (m/z): Calc. for [MH]+ (C20H20O4) 325.1440, found 325.1431.
Benzyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3k)

Green Brown Solid, Yield: 92%, RF: 0.12 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.11 (ddd, J = 7.2, 2.6, 1.8 Hz, 2H), 7.54 (s, 1H), 7.50
– 7.45 (m, 2H), 7.44 – 7.33 (m, 6H), 6.92 (t, J = 4.3 Hz, 1H), 5.31 (s, 2H), 4.91 (d, J = 4.3
Hz, 2H).

13C

NMR (126 MHz, CDCl3) δ 164.84, 145.48, 144.17, 135.70, 131.25, 128.70,

128.60, 128.44, 128.31, 127.62, 127.05, 126.27, 126.16, 125.18, 122.08, 121.85, 114.29,
66.85, 64.81. IR (neat, cm-1): 3377.9, 3065.5, 2923.6, 2854.7, 1716.1, 1660.9, 1405.6,
1240.0, 1071.5, 765.7 HRMS (ESI+) (m/z): Calc. for [M-Na]+ (C21H16O4) 355.0946, found
355.0947.
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4-bromobenzyl 4,9-dihydroxy-1H-cyclopenta[b]naphthalene-3-carboxylate (2.3l)

Red Brown Solid, Yield: 28%, RF: 0.06 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.14 – 8.09 (m, 2H), 7.54 – 7.45 (m, 9H), 7.30 (d, J =
8.1 Hz, 2H), 7.24 (d, J = 8.2 Hz, 3H), 6.92 (t, J = 4.3 Hz, 1H), 5.25 (s, 2H), 4.92 (d, J =
4.3 Hz, 2H), 4.66 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 164.58, 145.38, 144.26,
139.74, 134.72, 131.86, 131.65, 131.37, 129.96, 128.62, 127.45, 126.37, 126.23, 125.15,
122.50, 122.11, 121.79, 121.48, 105.62, 65.98, 64.63. IR (neat, cm-1): 3398.7, 3070.8,
2921.5, 1693.7, 1594.0, 1487.6, 1406.3, 1251.0, 1129.7, 799.1, 764.1 HRMS (ESI-)
(m/z): Calc. for [M]- (C21H13BrO4) 406.9919, found 406.9918 (mass of the oxidized
product).
General procedure for the formation of 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro1H-cyclopenta[b] naphthalene-3-carboxylates

In a 50 mL side arm flask equipped with a magnetic stir bar, allenoate (2 equivalent)
and 2-methyl-1,4-naphthoquinone (0.25 mmol) was added. The flask was placed in a dry
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ice-acetone bath and the flask was evacuated of atmosphere and replaced with nitrogen.
Dichloromethane (0.1 M) was added along with triethylphosphine (1equivalent; 1 M in
THF) to the side arm flask and the solution was allowed to stir at room temperature for 24
hours.

Solvent was evaporated and the crude product was purified with flash

chromatography (10:1 hexanes: ethyl acetate on silica gel).
2-Chloroethyl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]
naphthalene-3-carboxylate (2.6ab)

Yellow oil, Yield: 11%, RF: 0.09 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR (500
MHz, Chloroform-d) δ 8.08 – 8.03 (m, 1H), 8.02 – 7.99 (m, 1H), 7.79 – 7.72 (m, 2H), 7.00
(t, J = 2.6 Hz, 1H), 4.48 – 4.37 (m, 2H), 3.73 (t, J = 5.7 Hz, 2H), 3.32 (dd, J = 8.5, 7.0 Hz,
1H), 3.03 (ddd, J = 18.4, 8.5, 2.7 Hz, 1H), 2.78 (ddd, J = 18.4, 7.0, 2.5 Hz, 1H), 1.67 (s,
3H).

13C

NMR (126 MHz, CDCl3) δ 198.72, 197.00, 163.02, 144.79, 139.39, 135.34,

134.89, 134.02, 127.49, 126.83, 64.14, 59.57, 58.63, 41.58, 35.82, 22.36. IR (neat, cm-1):
3400.4, 3066.6, 2921.3, 2849.6, 1718.2, 1665.1, 1595.0, 1405.7, 1251.3, 1072.3, 764.8
HRMS (ESI+) (m/z): Calc. for [M-Na]+ (C17H15ClO4) 341.0557, found 341.0560.
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Prop-2-en-1-yl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]
naphthalene-3-carboxylate (2.6ae)

Yellow solid, Yield: 56%, RF: 0.14 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.06 – 8.03 (m, 1H), 8.00 – 7.96 (m, 1H), 7.79 – 7.70 (m, 2H),
6.95 (t, J = 2.6 Hz, 1H), 6.00 – 5.89 (m, 1H), 5.34 (dq, J = 17.2, 1.6 Hz, 1H), 5.25 (dq, J =
10.5, 1.3 Hz, 1H), 4.66 (ddt, J = 5.4, 3.9, 1.4 Hz, 2H), 3.30 (dd, J = 8.4, 6.6 Hz, 1H), 3.03
(ddd, J = 18.4, 8.4, 2.7 Hz, 1H), 2.80 (ddd, J = 18.4, 6.5, 2.5 Hz, 1H), 1.65 (s, 3H).

13C

NMR (126 MHz, CDCl3) δ 198.79, 197.21, 163.08, 144.01, 140.03, 135.54, 134.84,
133.88, 131.94, 127.44, 126.73, 118.29, 65.26, 59.50, 58.70, 35.86, 22.06, 21.05, 14.19.
IR (neat, cm-1): 3074.8, 2930.0, 1716.2, 1682.8, 1592.9, 1375.3, 1251.7, 1047.3, 931.6,
755.7 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C18H16O4) 297.1127, found 297.1132.
Butyl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]naphthalene-3carboxylate (2.6af)
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Light yellow solid, Yield: 44%, RF: 0.24 (10:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.04 (dd, J = 7.3, 1.7 Hz, 1H), 7.98 (dd, J = 7.3, 1.7 Hz,
1H), 7.74 (dtd, J = 16.5, 7.3, 1.5 Hz, 2H), 6.91 (t, J = 2.6 Hz, 1H), 4.15 (td, J = 6.7, 1.6 Hz,
2H), 3.29 (dd, J = 8.3, 6.2 Hz, 1H), 3.02 (ddd, J = 18.3, 8.3, 2.6 Hz, 1H), 2.81 (ddd, J =
18.3, 6.2, 2.6 Hz, 1H), 1.71 – 1.60 (m, 5H), 1.44 – 1.36 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 198.77, 197.37, 163.61, 143.54, 140.55, 135.66, 134.81,

133.80, 128.70, 127.40, 126.73, 64.57, 59.44, 58.79, 35.87, 31.94, 29.71, 19.20. IR (neat,
cm-1): 3075.1, 2956.9, 2925.1, 2853.3, 1716.2, 1686.3, 1593.8, 1458.1, 1375.4, 1252.7,
1065.1, 976.9, 755.2 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C19H20O4) 313.1440, found
313.1434.
Benzyl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]naphthalene-3carboxylate (2.6ak)

Dark red solid, Yield: 72%, RF: 0.14 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.06 – 8.02 (m, 1H), 7.92 – 7.88 (m, 1H), 7.74 – 7.69 (m, 2H),
7.36 (d, J = 3.8 Hz, 4H), 6.96 (t, J = 2.6 Hz, 1H), 5.23 (d, J = 12.4 Hz, 1H), 5.16 (d, J =
12.4 Hz, 1H), 3.29 (dd, J = 8.4, 6.5 Hz, 1H), 3.01 (ddd, J = 18.4, 8.4, 2.7 Hz, 1H), 2.79
(ddd, J = 18.4, 6.5, 2.6 Hz, 1H), 1.65 (s, 4H).

13C

NMR (126 MHz, CDCl3) δ 198.72,

197.20, 163.24, 144.29, 140.05, 135.79, 134.82, 133.84, 128.56, 128.21, 127.45, 126.72,
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66.38, 59.50, 58.72, 35.90, 22.05. IR (neat, cm-1): 3065.3, 2929.8, 1713.9, 1682.8, 1593.4,
1454.8, 1251.8, 1047.4, 753.7 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C22H18O4)
347.1283, found 347.1382.
4-bromobenzyl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]
naphthalene-3-carboxylate (2.6al)

Yellow solid, Yield: 61%, RF: 0.27 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.06 – 8.02 (m, 1H), 7.92 – 7.88 (m, 1H), 7.74 – 7.69 (m, 2H),
7.51 – 7.47 (m, 2H), 7.26 – 7.22 (m, 4H), 6.95 (q, J = 2.2, 1.7 Hz, 1H), 5.17 (d, J = 12.5
Hz, 1H), 5.11 (d, J = 12.6 Hz, 1H), 3.29 (ddd, J = 8.3, 6.6, 1.7 Hz, 1H), 3.05 – 2.97 (m,
1H), 2.78 (ddd, J = 18.4, 6.7, 2.5 Hz, 1H), 1.64 (d, J = 1.6 Hz, 3H).

13C

NMR (126 MHz,

CDCl3) δ 198.73, 197.06, 163.14, 144.54, 139.82, 135.42, 134.84, 133.94, 131.71, 129.89,
127.41, 126.78, 122.26, 65.57, 59.53, 58.68, 35.86, 22.17. IR (neat, cm-1): 3066.6, 2933.1,
1716.1, 1682.8, 1593.1, 1488.5, 1251.6, 1069.8, 1011.3, 799.1. HRMS (ESI+) (m/z):
Calc. for [M-Na]+ (C22H17BrO4) 447.0208, found 447.0217.
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General procedure for the reaction of 2-hydroxy-1,4-naphthoquinone with
allenoates

In a 10 ml round bottom flask equipped with a magnetic stir bar, triphenylphosphine
(1 equivalent) was added and the flask was evacuated of atmosphere and replaced with
nitrogen. Dichloromethane (0.1 M) was added and the triphenylphosphine was dissolved
by stirring. In a 50 mL side arm flask equipped with a magnetic stir bar, allenoate (2
equivalent) and 2-hydroxy-1,4-naphthoquinone (0.25 mmol) was added. The flask was
placed in a dry ice-acetone bath and the flask was evacuated of atmosphere and replaced
with nitrogen. The triphenylphosphine mixture was added to the side arm flask and the
solution was allowed to stir at room temperature for 72 hours. Solvent was evaporated and
the crude product was purified with flash chromatography (1:1 hexanes: ethyl acetate on
silica gel).
Ethyl 9-hydroxy-4-oxo-4H-cyclopenta[b]naphthalene-3-carboxylate (2.8)
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(20 mol% catalyst) Dark Red Solid, Yield: 5%, RF: 0.9 (1:1 hexanes: ethyl acetate, UV
Light), 1H NMR (500 MHz, Chloroform-d) δ 8.15 – 8.11 (m, 1H), 8.07 – 8.03 (m, 1H),
7.62 – 7.57 (m, 2H), 7.19 (d, J = 3.3 Hz, 1H), 7.13 (d, J = 3.3 Hz, 1H), 4.45 (q, J = 7.2 Hz,
2H), 1.44 (t, J = 7.2 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 169.32, 166.84, 134.46,

134.42, 133.84, 133.21, 133.00, 127.98, 127.72, 126.64, 124.07, 62.71, 14.21. IR (neat,
cm-1): 2921.1, 2850.4, 1714.8, 1650.1, 1617.6, 1589.6, 1437.0, 1332.0, 1274.4, 1017.4,
785.6, 703.3. HRMS Calcd for [M-H]+ (C16H12O4), 269.0814 found, 269.0819.
Ethyl 3a-hydroxy-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]naphthalene-3carboxylate (2.6ba)

(20 mol% catalyst) Dark Red Solid, Yield: 29%, RF: 0.23 (1:1 hexanes: ethyl acetate, UV
Light), 1H NMR (500 MHz, Chloroform-d) δ 8.04 (dd, J = 7.1, 1.8 Hz, 2H), 7.82 – 7.71
(m, 3H), 7.11 (dd, J = 2.9, 2.2 Hz, 1H), 4.85 (s, 1H), 4.17 (dq, J = 10.9, 7.2 Hz, 1H), 4.09
(dq, J = 10.8, 7.1 Hz, 1H), 3.45 (dd, J = 7.1, 2.0 Hz, 1H), 3.32 (ddd, J = 18.6, 7.2, 2.2 Hz,
1H), 3.13 (ddd, J = 18.6, 2.9, 1.9 Hz, 1H), 1.24 (t, J = 7.2 Hz, 4H). 13C NMR (126 MHz,
CDCl3) δ 196.88, 195.78, 162.74, 148.61, 139.25, 135.27, 134.93, 134.33, 127.34, 127.06,
84.91, 61.01, 59.13, 36.30, 14.01. IR (neat, cm-1): 3454.4, 2924.5, 1713.8, 1684.4, 1593.3,
1255.3, 1119.6, 1067.0, 757.1. HRMS Calcd for [M-Na]+ (C16H14O5) 309.0739, found
309.0706.
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Ethyl 4,9-dioxo-1-(triphenylphosphoranylidene)-4,9-dihydro-1Hcyclopenta[b]naphthalene-3-carboxylate (2.7a)

Yellow Solid, Yield: 42%, RF: 0.19 (1:1 hexanes: ethyl acetate, UV Light), 1H NMR (500
MHz, Chloroform-d) δ 8.21 (dd, J = 7.7, 1.3 Hz, 1H), 7.73 (dd, J = 7.5, 1.3 Hz, 1H), 7.68
– 7.59 (m, 10H), 7.58 – 7.50 (m, 8H), 7.44 (td, J = 7.5, 1.4 Hz, 1H), 6.60 (d, J = 6.1 Hz,
1H), 4.35 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ

133.69, 133.61, 133.26, 133.24, 132.26, 131.46, 129.27, 129.17, 126.92, 125.43, 123.49,
122.75, 60.24, 36.63, 29.72, 14.46.

31P

NMR (202 MHz, CDCl3) δ 16.11. IR (neat, cm-1):

3340.2, 3066.4, 2956.4, 2917.4, 2849.0, 1712.3, 1626.6, 1462.0, 1248.9, 1106.6, 906.9,
718.7. HRMS Calcd for [M-Li]+ (C34H25O4P) 535.1651, found 535.1652.
Butyl 3a-hydroxy-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]naphthalene-3carboxylate (2.6bf)

Dark Red Solid, Yield: 22%, RF: 0.21 (1:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.04 (ddd, J = 7.5, 3.6, 1.6 Hz, 2H), 7.77 (dtd, J = 16.7, 7.4,
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1.6 Hz, 2H), 7.11 (t, J = 2.6 Hz, 1H), 4.85 (s, 1H), 4.11 (dt, J = 10.9, 6.7 Hz, 1H), 4.04 (dt,
J = 10.9, 6.7 Hz, 1H), 3.45 (dd, J = 7.1, 2.0 Hz, 1H), 3.31 (ddd, J = 18.6, 7.1, 2.2 Hz, 1H),
3.13 (dt, J = 18.5, 2.5 Hz, 1H), 1.63 – 1.54 (m, 2H), 1.35 (dq, J = 9.5, 7.4 Hz, 2H), 0.92 (t,
J = 7.4 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 196.79, 195.74, 162.84, 148.59, 139.31,

135.28, 134.87, 134.50, 134.30, 127.32, 127.04, 84.91, 64.88, 59.15, 36.24, 30.46, 19.10,
13.66. IR (neat, cm-1): 3448.8, 2959.7, 2924.4, 2873.3, 1712.0, 1682.4, 1614.7, 1586.5,
1447.8, 1353.6, 1261.2, 1116.5, 1082.4, 982.7, 704.8 HRMS Calcd for [MH]+ (C18H18O5)
315.1233, found 315.1235.
3-(butoxycarbonyl)-4,9-dioxo-1-(triphenylphosphaniumyl)-4,9-dihydro-1Hcyclopenta[b]naphthalen-1-ide (2.7f)

Yellow brown solid, Yield: 24%, RF: 0.14 (1:1 hexanes: ethyl acetate, UV Light), 1H
NMR (500 MHz, Chloroform-d) δ 8.21 (dd, J = 7.8, 1.3 Hz, 1H), 7.73 (dd, J = 7.7, 1.3 Hz,
1H), 7.69 – 7.59 (m, 9H), 7.58 – 7.49 (m, 7H), 7.43 (td, J = 7.5, 1.3 Hz, 1H), 6.59 (d, J =
6.2 Hz, 1H), 4.27 (t, J = 6.8 Hz, 2H), 1.72 (p, J = 7.0 Hz, 2H), 1.42 (h, J = 7.4 Hz, 2H),
0.93 (t, J = 7.4 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 179.78, 179.25, 166.15, 136.41,

134.03, 133.83, 133.69, 133.61, 133.22, 132.21, 131.41, 129.25, 129.15, 126.93, 125.40,
123.51, 122.76, 64.11, 30.89, 29.71, 19.31, 13.88.
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31P

NMR (202 MHz, CDCl3) δ 18.52,

16.09. IR (neat, cm-1): 3278.5, 2924.3, 1712.7, 1674.1, 1585.8, 1434.5, 1247.0, 1191.0,
1098,1, 945.5, 718.4 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C36H29O4P) 557.1882, found
557.1884.
Benzyl 3a-hydroxy-4,9-dioxo-3a,4,9,9a-tetrahydro-1H-cyclopenta[b]naphthalene-3carboxylate (2.6bk)

Dark red solid, Yield: 34%, RF: 0.23 (1:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.04 – 7.98 (m, 1H), 7.86 – 7.82 (m, 1H), 7.74 – 7.67 (m, 2H),
7.38 – 7.32 (m, 3H), 7.31 – 7.25 (m, 2H), 7.15 (t, J = 2.6 Hz, 1H), 5.17 (d, J = 12.3 Hz,
1H), 5.02 (d, J = 12.2 Hz, 1H), 4.86 (s, 1H), 3.44 (dd, J = 7.1, 1.9 Hz, 1H), 3.31 (ddd, J =
18.7, 7.1, 2.2 Hz, 1H), 3.13 (ddd, J = 18.7, 3.0, 1.9 Hz, 1H).

13C

NMR (126 MHz, CDCl3)

δ 196.75, 195.72, 162.48, 149.43, 138.97, 135.25, 134.86, 134.29, 128.42, 127.38, 127.00,
84.92, 66.72, 59.16, 36.36. IR (neat, cm-1): 3273.4, 2924.5, 1712.2, 1633.8, 1586.2,
1434.4, 1249.0, 1096.9, 719.3 HRMS (ESI+) (m/z): Calc. for [M-H]+ (C21H16O5)
349.1076, found 349.1071.
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3-[(benzyloxy)carbonyl]-4,9-dioxo-1-(triphenylphosphaniumyl)-4,9-dihydro-1Hcyclopenta[b]naphthalen-1-ide (2.7k)

Dark brown solid, Yield: 25%, RF: 0.14 (1:1 hexanes: ethyl acetate, UV Light), 1H NMR
(500 MHz, Chloroform-d) δ 8.23 (d, J = 7.7 Hz, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.69 – 7.57
(m, 10H), 7.53 (td, J = 7.8, 3.3 Hz, 6H), 7.48 – 7.42 (m, 3H), 7.32 (t, J = 7.4 Hz, 2H), 6.64
(d, J = 6.2 Hz, 1H).

13C

NMR (126 MHz, CDCl3) δ 179.86, 179.32, 165.59, 137.24,

136.40, 133.95, 133.68, 133.60, 132.30, 131.48, 129.28, 127.51, 126.98, 125.42, 123.43,
122.68, 121.22, 65.82.

31P

NMR (202 MHz, CDCl3) δ 16.19. IR (neat, cm-1): 3062.7,

2921.3, 1715.4, 1683.1, 1591.5, 1435.9, 1249.5, 1155.0, 1048.5, 977.7, 717.6 HRMS
(ESI+) (m/z): Calc. for [M-H]+ (C39H27O4P) 591.1725, found 591.1729.
3-[(benzyloxy)carbonyl]-4,9-dioxo-1-(methyldiphenylphosphaniumyl)-4,9-dihydro1H-cyclopenta[b] naphthalen -1-ide (2.7bk)
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(Methyldiphenylphosphine catalyst) Yellow brown solid, Yield: 15%, RF: 0.27 (1:1
hexanes: ethyl acetate, UV Light), 1H NMR (500 MHz, Chloroform-d) δ 8.20 (dd, J = 7.7,
1.4 Hz, 1H), 7.85 (dd, J = 7.6, 1.4 Hz, 1H), 7.75 – 7.69 (m, 5H), 7.66 (dddd, J = 7.1, 5.1,
3.4, 1.6 Hz, 2H), 7.61 – 7.51 (m, 10H), 7.50 – 7.42 (m, 3H), 7.40 – 7.34 (m, 1H), 7.33 –
7.27 (m, 2H), 7.25 – 7.16 (m, 1H), 6.54 (d, J = 6.5 Hz, 1H), 5.31 (s, 3H), 2.69 (d, J = 14.0
Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 180.22, 179.79, 165.46, 137.23, 136.33, 133.92,

133.46, 132.43, 132.27, 131.57, 129.56, 127.52, 127.03, 125.37, 123.93, 123.19, 65.78.
31P

NMR (202 MHz, CDCl3) δ 17.64, 13.15. IR (neat, cm-1): 3060.0, 2923.8, 1716.1,

1633.5, 1587.2, 1483.6, 1437.5, 1246.8, 1112.5, 1069.0, 906.7, 719.3 HRMS (ESI+) (m/z):
Calc. for [M-H]+ (C34H25O4P) 529.1569, found 529.1564.
Formation of 11a-methyl-3,4,5,5a-tetrahydrobenzo[5,6]indeno[1,2-c]pyran1,6,11(11aH)-trione (2.9)1

In a 50 mL round bottom flask equipped with a stir bar compound 6ab (1
equivalent) is refluxed with toluene (0.1 M). To the refluxing solution, a toluene solution
(0.1 M) of triethylsilane (1.2 equivalents) and AIBN (0.1 equivalents) is slowly added. The
solution was then allowed to reflux for 5 hours. The toluene was removed and the crude
oil was stirred in a solution diethyl ether and 8% KF (1 mL each) overnight. The aqueous
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phase was extracted with diethyl ether and the organic phase was washed with brine and
dried with Na2SO4. The crude product was purified by flash column chromatography
(gradient hexanes/ethyl acetate on silica gel) to afford product. Yield: 44%, RF: 0.02 (10:1
hexanes: ethyl acetate, UV Light), 1H NMR (500 MHz, Chloroform-d) δ 8.22 – 8.16 (m,
1H), 8.12 (tt, J = 5.5, 3.0 Hz, 1H), 7.84 – 7.78 (m, 2H), 5.39 (t, J = 7.3 Hz, 0H), 5.03 (dd,
J = 7.6, 1.5 Hz, 1H), 4.57 (ddd, J = 23.6, 11.5, 5.7 Hz, 1H), 4.46 (tt, J = 11.6, 5.9 Hz, 1H),
3.76 (t, J = 5.8 Hz, 2H), 2.99 (dd, J = 14.7, 7.5 Hz, 1H), 2.88 (s, 1H), 2.59 (t, J = 7.5 Hz,
1H), 2.09 (dd, J = 14.7, 1.5 Hz, 1H), 1.61 (s, 2H), 1.25 (s, 3H).

13C

NMR (126 MHz,

CDCl3) δ 197.89, 184.11, 164.16, 149.78, 136.45, 135.55, 134.99, 134.64, 134.22, 133.54,
128.14, 127.26, 75.45, 64.73, 61.97, 60.73, 42.09, 41.09, 40.13, 29.71, 27.47, 26.05. IR
(neat, cm-1): 3497.0, 2818.8, 2849.7, 1698.9, 1591.0, 1382.1, 1259.7, 983.5720.1. HRMS
(ESI-) (m/z): Calc. for [M] - (C17H14O4), 281.0814 found, 281.0821.
(1) Tamura, O. et.al., J. Org. Chem. 2002, 67 (16), 5537–5545.
Formation of 2,3-dibromopropyl 3a-methyl-4,9-dioxo-3a,4,9,9a-tetrahydro1H-cyclopenta[b]naphthalene-3-carboxylate (2.6am)

In a 25 mL round bottom flask equipped with a stir bar compound 6ae (1 equivalent)
was dissolved in chloroform (0.4 M). The solution was placed in an ice bath and chilled
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to 0 °C. Once chilled, bromine liquid (1.2 equivalents) was added. The solution was
allowed to stir on ice for 10 minutes, then allowed to come to room temperature and the
solution was allowed to stir for 10 minutes. The reaction was purified by flash column
chromatography (3:1 hexanes/ethyl acetate on silica gel) to afford a red brown oil. Yield:
50%, RF: 0.05 (10:1 hexanes: ethyl acetate, UV Light), 1H NMR (500 MHz, Chloroformd) δ 8.07 – 8.00 (m, 2H), 7.75 (pd, J = 7.3, 1.7 Hz, 2H), 7.04 (dt, J = 10.7, 2.6 Hz, 1H),
4.64 – 4.54 (m, 2H), 4.38 (dp, J = 9.4, 4.8 Hz, 1H), 3.96 – 3.82 (m, 2H), 3.33 (dd, J = 8.4,
6.4 Hz, 1H), 3.05 (dddd, J = 18.5, 8.4, 2.7, 0.9 Hz, 1H), 2.84 (ddt, J = 18.6, 6.5, 2.4 Hz,
1H), 1.67 (d, J = 3.6 Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 198.75, 196.97, 162.69,

145.91, 145.54, 139.58, 139.37, 135.30, 134.90, 134.06, 127.60, 127.49, 126.81, 65.31,
65.03, 59.46, 59.39, 58.66, 58.56, 46.82, 35.99, 35.93, 32.46, 32.37, 22.25, 22.15. IR
(neat, cm-1): 2930.7, 1720.1, 1683.3, 1593.0, 1435.9, 1251.7, 754.2, 734.6 HRMS (ESI+)
(m/z): Calc. for [M-Na] + (C18H16Br2O4) 478.9294, found 478.9296.
Formation of 9-hydroxy-3-(2-hydroxytetrahydrofuran-2-yl)-3a-methyl1H-cyclopenta[b]naphthalen-4(3aH)-one (2.10)2

In a flamed dried 25 mL round bottom flask, samarium metal (1 equivalent) and
1,2-diiodoethande (1.2 equivalent) was added. The flask was evacuated of air and replaced
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with N2. Dried THF (0.1 M) was added and the solution was allowed to stir until a deep
blue color was obtained.
In a 50 mL side armed flask equipped with a stir bar NiI2 (4 mol%) was added and
the flask was evacuated of air and replaced with N2. The flask was chilled to -78 °C, and
3 mL of the SmI2 was added. A solution of compound 6am (0.15 mmol) with t-butanol
(1.2 equivalents) in THF (0.1 M) was added to the side arm flask. The solution was allowed
was allowed to stir at 0 °C for 2 hours. The solution was quenched with aqueous sodium
bicarbonate solution, the aqueous layer was extracted with diethyl ether and dried. The
crude product was purified by column chromatography (DCM/MeOH on Silica gel then
hexanes/ethyl acetate on silica gel) to afford product 2.10. Yield: Quantitative, RF: 0.01
(10:1 hexanes: ethyl acetate, UV Light), 1H NMR (500 MHz, Chloroform-d) δ 7.87 (d, J
= 7.3 Hz, 1H), 7.44 – 7.36 (m, 2H), 7.35 – 7.29 (m, 1H), 6.69 – 6.65 (m, 1H), 6.36 (q, J =
2.9 Hz, 1H), 4.59 (ddd, J = 12.3, 7.6, 4.8 Hz, 1H), 4.37 (dd, J = 12.2, 4.8 Hz, 1H), 4.24
(dqd, J = 9.6, 4.8, 2.4 Hz, 1H), 3.68 (ddd, J = 17.5, 10.7, 4.6 Hz, 1H), 3.60 – 3.45 (m, 1H),
2.36 (dd, J = 6.5, 2.7 Hz, 2H), 1.93 (td, J = 6.4, 3.2 Hz, 1H), 1.63 (s, 1H), 1.46 (d, J = 2.0
Hz, 3H).

13C

NMR (126 MHz, CDCl3) δ 165.93, 149.42, 137.29, 127.68, 127.06, 124.61,

120.25, 120.16, 98.75, 65.29, 60.70, 60.42, 48.93, 46.34, 32.91, 31.82, 31.55, 21.09, 18.67,
14.22. IR (neat, cm-1): 3342.5, 2933.2, 1682.3, 1623.3, 1382.6 1340.9, 1266.2, 1227.1,
1171.0, 1036.6, 972.8, 757.9. HRMS (ESI+) (m/z): Calc. for [M-Na]

+

321.1103 found 321.0706.
(2) Molander, G. A.; St. Jean, D. J. J. Org. Chem. 2002, 67 (11), 3861–3865.
129

(C18H18O4),

Appendix B: Spectroscopy
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Appendix C: Crystallographic Data
Compound 2.6bk
Phase data
Formula sum
Formula weight
Crystal system
Space-group
Cell parameters
Cell ratio
Cell volume
Z
Calc. density
Meas. density
Melting point
RAll
RObs

C39 H27 O4 P
590.57 g/mol
monoclinic
P 1 21 1 (4)
a=9.23(5) Å b=16.80(9) Å c=10.15(6) Å β=108.78(5)°
a/b=0.5494 b/c=1.6552 c/a=1.0997
1490.11(1400) Å3
2
1.31615 g/cm3

0.029

Pearson code
mP142
Formula type
NO4P27Q39
Wyckoff sequence a71
Atomic parameters
Atom
P1
O1
O2
O3
O4
C1
H1
C2
H8
C3
H7
C4
C5
C6
H26
C7
C8
C9
H20
H25
C10
C11
H24
C12
H23
C13
H2
C14
H3
C15
H4

Ox.

Wyck. Site S.O.F. Disorder
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1
2a
1

x/a
0.46061(5)
0.91944(18)
0.8590(3)
0.7309(2)
0.58736(19)
0.6643(4)
0.70510
0.7554(3)
0.85780
0.6939(3)
0.75440
0.5408(2)
0.5948(2)
0.6339(2)
0.60230
0.7283(2)
0.7887(2)
0.9785(3)
1.02320
0.89480
1.0968(3)
1.2392(4)
1.26040
1.3500(5)
1.44420
1.3232(7)
1.39720
0.2835(4)
0.24930
0.2075(4)
0.12060
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y/b
0.44476(3)
0.73459(10)
0.72578(11)
0.72836(13)
0.43953(11)
0.19558(16)
0.14460
0.26047(17)
0.25340
0.33620(14)
0.38020
0.34647(12)
0.52177(12)
0.57947(12)
0.57980
0.63673(12)
0.70440(13)
0.80578(14)
0.84020
0.83430
0.78666(14)
0.75795(18)
0.75070
0.7399(2)
0.72030
0.7506(3)
0.73720
0.47054(17)
0.47670
0.5063(2)
0.53640

z/c
0.21763(5)
0.31300(18)
0.5673(2)
0.1098(2)
0.53629(16)
0.3038(3)
0.32290
0.3569(3)
0.40870
0.3329(2)
0.37020
0.2527(2)
0.2804(2)
0.1984(2)
0.10170
0.2853(2)
0.2263(2)
0.2672(3)
0.34660
0.20150
0.1999(3)
0.2785(4)
0.37370
0.2191(6)
0.27430
0.0826(7)
0.04230
-0.2565(3)
-0.35270
-0.1786(3)
-0.22200

U [Å2]

Flag

0.0710

calc

0.0640

calc

0.0500

calc

0.0410

calc

0.0600
0.0600

calc
calc

0.0830

calc

0.1150

calc

0.1330

calc

0.0690

calc

0.0810

calc

C16
H27
C17
C18
H6
C19
H5
C20
H10
C21
H9
C22
C23
H11
C24
H15
C25
H14
C26
H12
C27
H13
C28
C29
C30
C31
H16
C32
H17
C33
H18
C34
H19
C35
C36
C37
C38
H21
C39
H22

2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.2577(3)
0.20480
0.3867(2)
0.4627(3)
0.54970
0.4103(3)
0.46130
0.5137(3)
0.45390
0.4518(3)
0.35090
0.3008(2)
0.2235(3)
0.25720
0.0949(3)
0.04310
0.0435(3)
-0.04530
0.1236(3)
0.09170
0.2516(3)
0.30520
0.6657(2)
0.6598(2)
0.7490(2)
0.7638(3)
0.72110
0.8422(3)
0.85300
0.9039(4)
0.95350
0.8927(3)
0.93620
0.8170(2)
0.8129(2)
0.7469(2)
1.0699(5)
0.97690
1.1846(7)
1.16670

0.49858(17)
0.52340
0.45389(13)
0.41744(17)
0.38730
0.42546(19)
0.40020
0.20495(15)
0.16060
0.28054(14)
0.28720
0.45803(12)
0.39513(14)
0.34330
0.40962(16)
0.36720
0.48594(17)
0.49500
0.54862(15)
0.60050
0.53516(13)
0.57800
0.54361(11)
0.50141(12)
0.53711(13)
0.49636(17)
0.44600
0.53054(19)
0.50280
0.6053(2)
0.62890
0.64568(16)
0.69600
0.61203(13)
0.65753(13)
0.61511(11)
0.8001(2)
0.82130
0.7816(3)
0.79030

-0.0350(3)
0.01760
0.0298(2)
-0.0505(3)
-0.00810
-0.1941(3)
-0.24780
0.2228(3)
0.18660
0.1955(3)
0.13900
0.2825(2)
0.3161(3)
0.31250
0.3554(3)
0.37880
0.3602(3)
0.38240
0.3320(3)
0.33930
0.2929(3)
0.27330
0.4215(2)
0.5440(2)
0.6807(2)
0.8035(3)
0.80020
0.9311(3)
1.01310
0.9363(3)
1.02190
0.8150(3)
0.81970
0.6860(2)
0.5570(2)
0.4250(2)
0.0608(3)
0.00590
0.0023(5)
-0.09210

0.0640

calc

0.0630

calc

0.0730

calc

0.0660

calc

0.0520

calc

0.0540

calc

0.0680

calc

0.0630

calc

0.0610

calc

0.0550

calc

0.0590

calc

0.0710

calc

0.0730

calc

0.0620

calc

0.0960

calc

0.1370

calc

Anisotropic displacement parameters, in Å2
Atom
P1
O1
O2
O3
O4
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11

U11
0.0275(2)
0.0412(8)
0.0841(14)
0.0732(13)
0.0560(9)
0.0759(19)
0.0461(13)
0.0353(11)
0.0334(10)
0.0302(10)
0.0327(10)
0.0298(9)
0.0381(11)
0.0578(15)
0.0605(15)
0.078(2)

U22
0.0285(2)
0.0437(8)
0.0439(10)
0.0650(12)
0.0427(8)
0.0364(12)
0.0558(15)
0.0416(11)
0.0318(10)
0.0316(10)
0.0353(10)
0.0319(10)
0.0335(10)
0.0336(11)
0.0331(11)
0.0570(16)

U33
0.0334(2)
0.0531(9)
0.0612(11)
0.0529(11)
0.0446(8)
0.0688(17)
0.0547(15)
0.0452(12)
0.0348(10)
0.0352(10)
0.0342(10)
0.0409(11)
0.0450(12)
0.0646(16)
0.0562(14)
0.087(2)

U12
-0.0014(2)
-0.0100(7)
-0.0248(9)
-0.0184(10)
-0.0153(8)
0.0168(12)
0.0184(11)
0.0024(9)
0.0029(8)
-0.0022(8)
0.0004(8)
0.0005(8)
0.0013(8)
-0.0098(10)
-0.0194(10)
0.0071(15)
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U13
0.00883(17)
0.0165(7)
0.0272(10)
0.0050(9)
0.0177(7)
0.0269(15)
0.0114(12)
0.0091(9)
0.0118(8)
0.0113(8)
0.0106(8)
0.0138(8)
0.0165(9)
0.0289(12)
0.0286(12)
0.0461(18)

U23
-0.0021(2)
0.0088(7)
-0.0147(8)
0.0214(9)
0.0014(8)
0.0035(12)
0.0030(12)
-0.0042(9)
-0.0008(8)
-0.0026(8)
0.0019(8)
0.0013(8)
0.0051(9)
-0.0024(11)
-0.0065(10)
0.0162(15)

C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39

0.094(3)
0.131(4)
0.0677(17)
0.0665(18)
0.0519(14)
0.0327(9)
0.0473(13)
0.0648(16)
0.0654(16)
0.0409(11)
0.0295(9)
0.0446(12)
0.0489(14)
0.0408(12)
0.0515(14)
0.0470(13)
0.0271(9)
0.0316(9)
0.0352(10)
0.0505(13)
0.0670(17)
0.0603(16)
0.0492(13)
0.0333(10)
0.0336(10)
0.0275(9)
0.084(2)
0.141(4)

0.063(2)
0.091(3)
0.0629(16)
0.0747(19)
0.0593(15)
0.0353(10)
0.0688(17)
0.079(2)
0.0356(12)
0.0389(11)
0.0338(10)
0.0312(10)
0.0480(14)
0.0572(15)
0.0403(12)
0.0320(11)
0.0306(9)
0.0334(10)
0.0410(11)
0.0564(14)
0.0749(19)
0.0758(19)
0.0548(15)
0.0403(11)
0.0347(11)
0.0292(9)
0.106(3)
0.152(4)

0.162(4)
0.160(5)
0.0364(12)
0.0498(15)
0.0456(13)
0.0365(9)
0.0423(13)
0.0429(13)
0.0659(16)
0.0471(13)
0.0373(10)
0.0637(15)
0.086(2)
0.0681(17)
0.0642(16)
0.0626(15)
0.0378(10)
0.0376(10)
0.0370(11)
0.0413(13)
0.0357(13)
0.0392(13)
0.0452(14)
0.0394(11)
0.0457(12)
0.039(1)
0.0512(17)
0.073(2)

0.0090(19)
-0.052(3)
-0.0098(13)
0.0217(15)
0.0183(12)
-0.0050(8)
0.0128(11)
-0.0028(14)
-0.0029(11)
-0.0013(9)
0.0001(8)
0.0013(9)
-0.0029(11)
0.0071(11)
0.012(1)
0.0028(9)
-0.0022(7)
0.0004(8)
0.0035(9)
0.0014(11)
0.0076(15)
0.0081(14)
0.0002(11)
0.0038(8)
-0.0040(8)
0.0006(7)
-0.052(2)
-0.091(4)

0.087(3)
0.116(4)
0.0087(12)
0.0034(13)
0.0100(11)
0.0083(8)
0.0143(10)
0.0234(12)
0.0252(13)
0.0112(9)
0.0110(8)
0.0248(11)
0.0385(14)
0.0299(12)
0.0248(12)
0.0251(11)
0.0110(8)
0.0130(8)
0.0128(8)
0.0152(10)
0.0151(12)
0.0073(12)
0.0078(11)
0.0101(8)
0.0137(9)
0.0130(8)
0.0250(16)
0.069(3)

0.013(2)
-0.048(3)
0.0075(11)
0.0141(14)
0.0030(11)
-0.0019(9)
0.0010(11)
-0.0067(12)
-0.0118(11)
-0.0095(9)
-0.0015(8)
0.0014(10)
0.0060(13)
0.0007(12)
0.0008(11)
0.0009(10)
-0.0042(8)
-0.0017(8)
-0.0020(9)
0.0027(11)
0.0026(12)
-0.0163(13)
-0.0141(11)
-0.0067(9)
-0.0075(9)
-0.0006(8)
-0.0144(17)
-0.048(3)

Bond parameters
Atom 1
"P1"
"P1"
"P1"
"P1"
"O1"
"O1"
"O2"
"O3"
"O4"
"C1"
"C1"
"C1"
"C2"
"C2"
"C3"
"C3"
"C4"
"C5"
"C5"
"C6"
"C6"
"C7"
"C7"
"C9"
"C9"
"C9"
"C10"
"C10"

Atom 2

Type

"C5"
"C4"
"C22"
"C17"
"C8"
"C9"
"C36"
"C8"
"C29"
"C2"
"C20"
"H1"
"C3"
"H8"
"C4"
"H7"
"C21"
"C6"
"C28"
"C7"
"H26"
"C37"
"C8"
"C10"
"H20"
"H25"
"C38"
"C11"

d1,2 rep.
1.762(7)
1.798(8)
1.812(8)
1.813(10)
1.344(6)
1.452(6)
1.216(6)
1.199(6)
1.225(6)
1.376(7)
1.377(8)
0.9300
1.382(7)
0.9300
1.396(7)
0.9300
1.390(6)
1.398(6)
1.418(7)
1.403(5)
0.9300
1.420(8)
1.475(6)
1.497(7)
0.9700
0.9700
1.370(9)
1.386(7)
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"C11"
"C11"
"C12"
"C12"
"C13"
"C13"
"C14"
"C14"
"C14"
"C15"
"C15"
"C16"
"C16"
"C17"
"C18"
"C18"
"C19"
"C20"
"C20"
"C21"
"C22"
"C22"
"C23"
"C23"
"C24"
"C24"
"C25"
"C25"
"C26"
"C26"
"C27"
"C28"
"C28"
"C29"
"C30"
"C30"
"C31"
"C31"
"C32"
"C32"
"C33"
"C33"
"C34"
"C34"
"C35"
"C36"
"C38"
"C38"
"C39"

"C12"
"H24"
"C13"
"H23"
"C39"
"H2"
"C15"
"C19"
"H3"
"C16"
"H4"
"C17"
"H27"
"C18"
"C19"
"H6"
"H5"
"C21"
"H10"
"H9"
"C23"
"C27"
"C24"
"H11"
"C25"
"H15"
"C26"
"H14"
"C27"
"H12"
"H13"
"C37"
"C29"
"C30"
"C31"
"C35"
"C32"
"H16"
"C33"
"H17"
"C34"
"H18"
"C35"
"H19"
"C36"
"C37"
"C39"
"H21"
"H22"

1.378(7)
0.9300
1.339(10)
0.9300
1.378(10)
0.9300
1.355(6)
1.367(7)
0.9300
1.386(8)
0.9300
1.382(6)
0.9300
1.378(6)
1.386(8)
0.9300
0.9300
1.384(7)
0.9300
0.9300
1.378(6)
1.388(7)
1.391(7)
0.9300
1.373(7)
0.9300
1.369(6)
0.9300
1.382(7)
0.9300
0.9300
1.411(6)
1.448(7)
1.492(7)
1.390(7)
1.400(7)
1.389(7)
0.9300
1.374(8)
0.9300
1.379(7)
0.9300
1.391(7)
0.9300
1.506(7)
1.465(7)
1.406(9)
0.9300
0.9300
Selected geometric informations

Atoms 1,2
P1—C5
P1—C4
P1—C22
P1—C17
O1—C8
O1—C9
O2—C36

d 1,2 [Å]
1.762(7)
1.798(8)
1.812(8)
1.813(10)
1.344(6)
1.452(6)
1.216(6)

Atoms 1,2
C16—C17
C16—H27
C17—C18
C18—C19
C18—H6
C19—H5
C20—C21
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d 1,2 [Å]
1.382(6)
0.9300
1.378(6)
1.386(8)
0.9300
0.9300
1.384(7)

O3—C8
O4—C29
C1—C2
C1—C20
C1—H1
C2—C3
C2—H8
C3—C4
C3—H7
C4—C21
C5—C6
C5—C28
C6—C7
C6—H26
C7—C37
C7—C8
C9—C10
C9—H20
C9—H25
C10—C38
C10—C11
C11—C12
C11—H24
C12—C13
C12—H23
C13—C39
C13—H2
C14—C15
C14—C19
C14—H3
C15—C16
C15—H4

1.199(6)
1.225(6)
1.376(7)
1.377(8)
0.9300
1.382(7)
0.9300
1.396(7)
0.9300
1.390(6)
1.398(6)
1.418(7)
1.403(5)
0.9300
1.420(8)
1.475(6)
1.497(7)
0.9700
0.9700
1.370(9)
1.386(7)
1.378(7)
0.9300
1.339(10)
0.9300
1.378(10)
0.9300
1.355(6)
1.367(7)
0.9300
1.386(8)
0.9300

C20—H10
C21—H9
C22—C23
C22—C27
C23—C24
C23—H11
C24—C25
C24—H15
C25—C26
C25—H14
C26—C27
C26—H12
C27—H13
C28—C37
C28—C29
C29—C30
C30—C31
C30—C35
C31—C32
C31—H16
C32—C33
C32—H17
C33—C34
C33—H18
C34—C35
C34—H19
C35—C36
C36—C37
C38—C39
C38—H21
C39—H22

0.9300
0.9300
1.378(6)
1.388(7)
1.391(7)
0.9300
1.373(7)
0.9300
1.369(6)
0.9300
1.382(7)
0.9300
0.9300
1.411(6)
1.448(7)
1.492(7)
1.390(7)
1.400(7)
1.389(7)
0.9300
1.374(8)
0.9300
1.379(7)
0.9300
1.391(7)
0.9300
1.506(7)
1.465(7)
1.406(9)
0.9300
0.9300

Atoms 1,2,3
C5—P1—C4
C5—P1—C22
C4—P1—C22
C5—P1—C17
C4—P1—C17
C22—P1—C17
C8—O1—C9
C2—C1—C20
C2—C1—H1
C20—C1—H1
C1—C2—C3
C1—C2—H8
C3—C2—H8
C2—C3—C4
C2—C3—H7
C4—C3—H7
C21—C4—C3
C21—C4—P1
C3—C4—P1
C6—C5—C28
C6—C5—P1
C28—C5—P1
C5—C6—C7
C5—C6—H26
C7—C6—H26
C6—C7—C37

Angle 1,2,3 [°]
114.0(4)
109.8(3)
111.88(17)
107.49(15)
106.11(11)
107.3(3)
116.9(3)
121.0(3)
119.500
119.500
119.7(4)
120.100
120.100
119.8(2)
120.100
120.100
119.8(3)
119.9(4)
120.27(19)
107.3(4)
125.5(3)
126.67(17)
109.2(4)
125.400
125.400
107.7(3)

Atoms 1,2,3
C14—C19—C18
C14—C19—H5
C18—C19—H5
C1—C20—C21
C1—C20—H10
C21—C20—H10
C20—C21—C4
C20—C21—H9
C4—C21—H9
C23—C22—C27
C23—C22—P1
C27—C22—P1
C22—C23—C24
C22—C23—H11
C24—C23—H11
C25—C24—C23
C25—C24—H15
C23—C24—H15
C26—C25—C24
C26—C25—H14
C24—C25—H14
C25—C26—C27
C25—C26—H12
C27—C26—H12
C26—C27—C22
C26—C27—H13

Angle 1,2,3 [°]
119.9(3)
120.100
120.100
119.8(3)
120.100
120.100
119.8(4)
120.100
120.100
119.3(4)
122.8(3)
117.83(19)
119.7(3)
120.200
120.200
120.7(2)
119.700
119.700
119.7(4)
120.200
120.200
120.2(3)
119.900
119.900
120.4(2)
119.800
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C6—C7—C8
C37—C7—C8
O3—C8—O1
O3—C8—C7
O1—C8—C7
O1—C9—C10
O1—C9—H20
C10—C9—H20
O1—C9—H25
C10—C9—H25
H20—C9—H25
C38—C10—C11
C38—C10—C9
C11—C10—C9
C12—C11—C10
C12—C11—H24
C10—C11—H24
C13—C12—C11
C13—C12—H23
C11—C12—H23
C12—C13—C39
C12—C13—H2
C39—C13—H2
C15—C14—C19
C15—C14—H3
C19—C14—H3
C14—C15—C16
C14—C15—H4
C16—C15—H4
C17—C16—C15
C17—C16—H27
C15—C16—H27
C18—C17—C16
C18—C17—P1
C16—C17—P1
C17—C18—C19
C17—C18—H6
C19—C18—H6
Atoms 1,2,3,4
C20—C1—C2—C3
C1—C2—C3—C4
C2—C3—C4—C21
C2—C3—C4—P1
C5—P1—C4—C21
C22—P1—C4—C21
C17—P1—C4—C21
C5—P1—C4—C3
C22—P1—C4—C3
C17—P1—C4—C3
C4—P1—C5—C6
C22—P1—C5—C6
C17—P1—C5—C6
C4—P1—C5—C28
C22—P1—C5—C28
C17—P1—C5—C28
C28—C5—C6—C7
P1—C5—C6—C7
C5—C6—C7—C37

120.9(4)
131.5(2)
122.7(3)
123.5(3)
113.7(3)
111.9(3)
109.200
109.200
109.200
109.200
107.900
118.3(3)
121.1(4)
120.5(4)
121.7(5)
119.200
119.200
120.5(5)
119.800
119.800
119.3(4)
120.400
120.400
120.2(4)
119.900
119.900
120.7(4)
119.600
119.600
119.8(3)
120.100
120.100
119.0(4)
119.5(3)
121.41(18)
120.4(4)
119.800
119.800
Tors. an. 1,2,3,4
[°]
2.3(4)
-1.3(4)
-1.0(3)
-178.65(19)
-172.72(18)
62.0(4)
-54.6(2)
4.9(2)
-120.4(4)
123.0(2)
118.1(2)
-115.6(3)
0.8(2)
-71.6(2)
54.8(3)
171.13(18)
0.2(2)
172.16(15)
-0.9(2)

C22—C27—H13
C37—C28—C5
C37—C28—C29
C5—C28—C29
O4—C29—C28
O4—C29—C30
C28—C29—C30
C31—C30—C35
C31—C30—C29
C35—C30—C29
C32—C31—C30
C32—C31—H16
C30—C31—H16
C33—C32—C31
C33—C32—H17
C31—C32—H17
C32—C33—C34
C32—C33—H18
C34—C33—H18
C33—C34—C35
C33—C34—H19
C35—C34—H19
C34—C35—C30
C34—C35—C36
C30—C35—C36
O2—C36—C37
O2—C36—C35
C37—C36—C35
C28—C37—C7
C28—C37—C36
C7—C37—C36
C10—C38—C39
C10—C38—H21
C39—C38—H21
C13—C39—C38
C13—C39—H22
C38—C39—H22

Atoms 1,2,3,4
C5—P1—C22—C27
C4—P1—C22—C27
C17—P1—C22—C27
C27—C22—C23—C24
P1—C22—C23—C24
C22—C23—C24—C25
C23—C24—C25—C26
C24—C25—C26—C27
C25—C26—C27—C22
C23—C22—C27—C26
P1—C22—C27—C26
C6—C5—C28—C37
P1—C5—C28—C37
C6—C5—C28—C29
P1—C5—C28—C29
C37—C28—C29—O4
C5—C28—C29—O4
C37—C28—C29—C30
C5—C28—C29—C30
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119.800
108.4(2)
124.2(2)
127.4(4)
122.1(3)
121.9(3)
116.1(4)
119.7(3)
120.1(4)
120.3(3)
120.3(4)
119.900
119.900
119.9(3)
120.000
120.000
120.3(3)
119.800
119.800
120.7(4)
119.600
119.600
119.0(3)
118.5(4)
122.5(3)
124.6(3)
119.6(3)
115.7(4)
107.4(2)
119.9(3)
132.0(3)
119.1(5)
120.400
120.400
121.1(5)
119.400
119.400

Tors. an. 1,2,3,4
[°]
37.4(3)
164.9(2)
-79.1(2)
2.1(4)
-175.2(2)
0.5(5)
-3.0(5)
3.0(5)
-0.4(4)
-2.1(4)
175.3(2)
0.5(2)
-171.28(15)
-179.12(19)
9.1(3)
179.8(2)
-0.7(3)
-1.1(3)
178.48(19)

C5—C6—C7—C8
C9—O1—C8—O3
C9—O1—C8—C7
C6—C7—C8—O3
C37—C7—C8—O3
C6—C7—C8—O1
C37—C7—C8—O1
C8—O1—C9—C10
O1—C9—C10—C38
O1—C9—C10—C11
C38—C10—C11—C12
C9—C10—C11—C12
C10—C11—C12—C13
C11—C12—C13—C39
C19—C14—C15—C16
C14—C15—C16—C17
C15—C16—C17—C18
C15—C16—C17—P1
C5—P1—C17—C18
C4—P1—C17—C18
C22—P1—C17—C18
C5—P1—C17—C16
C4—P1—C17—C16
C22—P1—C17—C16
C16—C17—C18—C19
P1—C17—C18—C19
C15—C14—C19—C18
C17—C18—C19—C14
C2—C1—C20—C21
C1—C20—C21—C4
C3—C4—C21—C20
P1—C4—C21—C20
C5—P1—C22—C23
C4—P1—C22—C23
C17—P1—C22—C23

179.21(18)
8.5(3)
-174.60(19)
22.3(4)
-157.5(3)
-154.5(2)
25.6(3)
-95.9(5)
113.0(3)
-69.8(3)
-2.7(5)
-180.0(3)
0.7(6)
1.5(6)
0.7(5)
0.0(5)
-0.3(4)
177.9(2)
87.2(5)
-35.1(2)
-154.8(2)
-91.0(5)
146.7(2)
27.0(3)
-0.1(4)
-178.3(2)
-1.1(5)
0.8(4)
-0.8(4)
-1.5(4)
2.5(4)
-179.91(19)
-145.3(3)
-17.7(2)
98.2(2)

O4—C29—C30—C31
C28—C29—C30—C31
O4—C29—C30—C35
C28—C29—C30—C35
C35—C30—C31—C32
C29—C30—C31—C32
C30—C31—C32—C33
C31—C32—C33—C34
C32—C33—C34—C35
C33—C34—C35—C30
C33—C34—C35—C36
C31—C30—C35—C34
C29—C30—C35—C34
C31—C30—C35—C36
C29—C30—C35—C36
C34—C35—C36—O2
C30—C35—C36—O2
C34—C35—C36—C37
C30—C35—C36—C37
C5—C28—C37—C7
C29—C28—C37—C7
C5—C28—C37—C36
C29—C28—C37—C36
C6—C7—C37—C28
C8—C7—C37—C28
C6—C7—C37—C36
C8—C7—C37—C36
O2—C36—C37—C28
C35—C36—C37—C28
O2—C36—C37—C7
C35—C36—C37—C7
C11—C10—C38—C39
C9—C10—C38—C39
C12—C13—C39—C38
C10—C38—C39—C13
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6.2(3)
-172.9(2)
-173.2(2)
7.6(3)
1.7(4)
-177.7(2)
0.8(4)
-2.1(4)
0.9(4)
1.5(4)
-177.9(2)
-2.8(3)
176.6(2)
176.6(2)
-4.0(3)
-8.6(3)
172.0(2)
173.3(2)
-6.1(3)
-1.1(2)
178.60(18)
171.10(19)
-9.3(3)
1.2(2)
-178.9(2)
-169.6(2)
10.2(4)
-165.5(2)
12.5(3)
4.4(4)
-177.7(2)
2.4(4)
179.7(3)
-1.7(7)
-0.4(6)

